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Dr. John Gavrilovic (312) 887-7100 
Dr. Timothy Vander Wood (404) 368-9600 


Product Line: Materials characterization, surface analysis, particle characterization and 
identification, forensic contamination, pharmaceuticals, dust, corrosion, semiconductors, wafers, 
electronics. Instruments available to apply: EMA, SIMS, ESCA, Auger, Raman, SEM, AEM, 
ultramicrotomy, class 100 cleanroom. 


Regional Sales Offices: 
McCrone Associates/Atlanta, Dr. Timothy Vander Wood, 1412 Oakbrook Drive, Norcross, GA 
30093 (404) 368-9600 


MICRON, INC. 
3815 Lancaster Pike 
Wilmington, DE 19805 


Product Contact: James F. Ficca, Jr. (302) 998-1184 


Product Line: Analytical services including SEM, EPA, TEM, XRF, XRD, OES, DSC, FTIR, 
ESCA. 


MICROSPEC CORPORATION 
45950 Hotchkiss Street 
Fremont, CA 94539 


Product Contact: H.S. Culver (415) 656-8820 


Product Line: WDX-3PC wavelength-dispersive x-ray spectrometer system for use on SEMS. 


NISSEI SANGYO AMERICA, LTD. 

HITACHI SCIENTIFIC INSTRUMENT DIVISION 
460 Middlefield Road 

Mountain View, CA 94043 


Product Contact: Hideo Naito (415) 961-0461 


Product Line: Scanning electron microscopes, transmission electron microscopes, field emission. 


Regional Sales Offices: 
Nissei Sangyo America, Ltd., 2096 Gaither Rd., Rockville, MD 20850 
Nissei Sangyo America, Ltd., 1701 Golf Rd., Suite 401, Rolling Meadows, 
IL 60008 
Nissei Sangyo America, Ltd., 89 Galaxy Blvd., Suite 14, Rexdale, 
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OVONIC SYNTHETIC MATERIALS, INC. 
1788 Northwood 
Troy, MI 48084 


Product Contact: Steven A. Flessa (313) 362-1290 


Product Line: The OVONIX line of multilayer x-ray monochromators are replacing natural 
crystals and Langmuir-Blodgett psuedocrystals for light-element analysis in WD/XRF and EPMA 
spectrometers. Increased peak intensities and suppression of higher orders improves analysis of 
Al-B in XRF and of Na-Be in EPMA. 


OXFORD INSTRUMENTS NORTH AMERICA, INC. 
3A Alfred Circle 
Bedford, MA 01730 


Product Contact: Glenn Kinnear (617) 275-4350 


Product Line: Accessories for SEM and TEM, including the following: Liquid nitrogen and liquid 
helium cold stages, cryo-preparation systems, heating stage, tensile stage, automatic and cathodo- 
luminescence systems. 


PERKIN-ELMER 
6509 Flying Cloud Dr. 
Eden Prairie, MN 55344 


Product Contacts: 
Technical Data: Greg Carpenter (612) 828-1600, 
Delivery & Prices: Customer Order Dept. (800) 328-7515 
FAX: (612) 828-6322 


Product Line: ESCA, Auger, SIMS and MBE instruments, vacuum products. 


Regional Sales Offices: 
Boston: 5 Medallion Center, Greeley St., Merrimack, NH 03054 
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(201)561-6730, FAX: (201)561-0268 
Wash. DC: 7310 Ritchie Hwy., Suite 520, Glen Burnie, MD 21061 
(301)761-3053, FAX: (301)761-0479 
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(216)464-2370, FAX: (216)464-5919 
Denver: 14818 W. 6th Avenue, PHI Suite, Golden, CO 80401 (303) 271-0040 
San Jose: 151 Bernal Road, Suite 5, San Jose, CA 95119 
(408)629-4343, FAX: (408)629-7740 
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Princeton, NJ 08540 


Product Contacts: 
Technical Data: Doug Skinner (609) 924-7310 
Delivery and Prices: Mark Smith (609) 924-7310 


Product Line: Princeton Gamma-~Tech’s product line consists of the PGT System 4+ microanalysis 
system with complete EDS x-ray analysis capabilities for SEM, TEM, and STEM. Also 
highlighted in our product line is PGT Imagecraft, digital image processing, enhancement, and 
quantitative image analysis for light microscopy as well as electron microscopy. 


QBI INTERNATIONAL 
2034 Golden Gate Avenue 
San Francisco, CA 94115-4399 


Product Contact: Quentin A. Brown (415) 929-1622 
Product Line: The SEMSCAN, a wavelength dispersive spectrometer with optimum performance 


for the analysis of light elements and resolution of peak overlaps. SEMSCAN control and data 
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Technical Data: Ms. Sue Morris (215) 436-5400, FAX (215) 436-5755 
Delivery & Prices: Ms Rose Singleton (Tel. and FAX as above) 


Product Line: Sample preparation equipment and consumable supplies for electron microanalytical 
laboratories, including standards, carbon coaters, plasma etchers, table-top vacuum evaporators. 
Laboratory services include SEM/EDS, TEM/STEM/SAED, WDS, LM, XRD, on metals, ceramics, 
refractories, polymers, electron devices, and other materials science systems. 
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Mr. A. Jabbar, 230 Forrest St., Metuchen, NJ 08840 (201) 549-9350 

Dr. A. Blackwood, 63 Unquowa Rd., Fairfield, CT 06430 (203) 254-0000 

Mr. Ronald Bucari, 1015 Merrick Rd., Copiague, L.I., NY (516) 789-0100 


Regional Sales Offices: 
SPI Supplies/Canada, Mrs. Pnina Rosenberg, PO Box 187, Station "T", Toronto, Ontario, Canada 
M6B 4Al_ (416) 787-9193 
Microsource EM Supplies, Ms. Hilary Constable, 10 Combe End, Crowborough, 
E. Sussex, TN6 INH United Kingdom  892-663375 
Rontgenanalytik Vertriebs Gmbh, Mr. Ulrich Theis, Rosenweg 18, 
6204 Taunusstein-Neuhof, F.R. Germany 06128/7 10 80 
Techno Chemical Co., Mr. Yasu Ueki, Kobayashi Building 302, Honkomagome | Chong, 
Bunk-ku, Tokyo 113, Japan 03-947-7310 


M.E. TAYLOR ENGINEERING, INC. 
21604 Gentry Lane 
Brookeville MD 20833 


Product Contact: M.E. (Gene) Taylor 


Product Line: Scintillators, SEM supplies, secondary and backscatter electron detectors, vacuum 
foreline traps, specimen stubs, filaments and related items. Precision machine work and scientific 
glass blowing. Repair most EDS detectors. 


Regional Sales Office: 
Dave Ballard, 15817 Crabbs Branch Way, Rockville, MD 20855 (301) 330-0077 


TRACOR NORTHERN, INC. 
2551 W. Beltline Hwy. 
Middleton, WI 53562 


Product Contacts: 
Technical Data: Jerry Shattuck (608) 831-6511 
Delivery & Prices: John Santroch (608) 813-6511 


Product Line: Scanning electron microscopes, energy-dispersive x-ray microanalysis systems, 
image analysis systems for microscopy, confocal light microscopes. 


Regional Sales Offices: 
TN-East: Don Dunkin, 4001 G, Greentree Executive Campus, 
Marton, NJ 08053 (609)596-6335 
TN-South: Tom Levesque, 4270 Kellway Circle, Dallas, TX (214) 380-1942 
TN-Midwest: Dennis Masaki, 6313 Odana Rd., Suite 2N, Madison, WI 53719 
(608) 274-1666 
TN-West: Mike Ivey, 70 Whitney Place, Fremont, CA 93539 (415) 656-9898 


XV 


VG INSTRUMENTS, INC. 
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Cherry Hill Drive 
Danvers, MA 01923 


Product Contact: Bob Michaels (508) 777-8034 
Product Line: UHV analytical instrumentation; those pertinent to MAS include high-resolution 
Auger, UHV dedicated STEM, imaging SIMS. 


Regional Sales Offices: 
Howard Danaceau, 966 Hungerford Dr., Rockville, MD 20850 
Randy Aramburn, 1128 Sunset Dr., Roanoke TX 76262 


CARL ZEISS, INC. 
One Zeiss Drive 
Thornwood, NY 10594 


Product Contact: Dr. Dieter K. Kurz (914) 747-1800 
Product Line: Transmission and scanning electron microscopes. 
Regional Sales Offices: 


Dietrich Voss, PO Box 2025, Willis, TX 77378 (409) 856-7678 
Virginia Hanchett, 14870 Marie Court, San Martin, CA 95046 (408) 779-0100 
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OVERVIEW OF LASER MICROPROBE MASS SPECTROMETRY TECHNIQUES 


L. Van Vaeck and R. Gijbels 


During the past decades, the rate of growing of 
methods becoming available or even routinely 
applied for micro- and/or surface analysis of 
solids has been absolutely breathtaking. As a 
convenient way to survey these techniques, 

Fig. 1 gives schematically the fundamental ba- 
sis of most techniques in terms of input probes 
and outcoming fluxes.’ Excitation involves 
eight major mechanisms: particle beams (elec- 
trons, ions, neutrals, photons) as well as 
electric and magnetic fields, sonic waves, and 
thermal energy. With the exception of magnetic 
fields, these probes can give rise to the emis- 
sion of one or more particle beams. During 
analysis, four types of information are aimed 
at: particle identification [e.g., in mass 
spectrometry (MS) polarity and m/z of ions], 
Spatial distribution (e.g., imaging), energy 
distribution, and number or intensity. So at 
least 32 links between incoming and outgoing 
arrows in Fig. 1 can be made. Screening of 


The authors are at the Department of Chemis- 
try, University of Antwerp, B-2610 Wilrijk, Bel- 
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TABLE 1.--Survey of some micro- and surface- 
analytical techniques. 
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PIG, 1.--Pictorial representation of micro- 
and surface-analytical techniques as a func- 
tion of combinations between probes in and 
particles out.? 


current literature reveals that virtually each 
path has been explored and that the majority 
is effectively used for one or even several 
methods, matured to a routine application lev- 
el. Table 1 surveys some of the most widely 
used techniques. 


Probe 
In Out Method + acronym 
electrons electrons Auger electron spectroscopy (Auger) 
electron energy loss spectroscopy (EELS) 

photons electron probe X-ray micro-analysis (EPXMA) 
ions spark source mass spectrometry (SSMS) 

ions ions secondary ion mass spectrometry (SIMS) 
neutrals sputtered neutrals mass spectrometry (SNMS) 
photons proton induced X-ray emission (PIXE) 

neutral ions fast atom bombardment mass spectrometry (FABMS) 

photons photons Raman microprobe 


Fourier transform infrared spectroscopy (FTIR) 
X-ray fluorescence (XRF) 
ions laser (microprobe) mass spectrometry 


electron spectroscopy for chemical analysis (ESCA) 
X-ray or UV photoelectron spectroscopy (XPS, UPS) 


electrons 


neutrals laser ablation based techniques (see text) 


electric field ions field ionisation mass spectrometry 
direct insertion probe mass spectrometry 
(Curie point) pyrolyis mass spectrometry 


thermal ionisation mass spectrometry 


thermal energy ions 
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Laser microprobe mass spectrometry (LMMS) 
employs the photons-in and ions-out route, 

But LMMS is only one step in a 20-year tradi- 
tion of use of lasers in MS. Before, the ap- 
plications in inorganic analysis, where empha- 
sis has traditionally been on element quanti- 
tation, have been elaborated separately from 
those in organic chemistry, where the prime in- 
terest has concerned structural characteriza- 
tion of molecules. The spectrum of techniques 
that has emerged in both fields will be ad- 
dressed in the first two sections of this 
paper. 

LMMS has introduced the aspect of analysis 
with high spatial resolution. Moreover, the 
remarkable flexibility of the instrument, per- 
mitting operation under largely different local 
conditions, has made it possible to overcome 
the traditional gap between organic and inor- 
ganic analysis. So the third section will deal 
with LMMS in the context of other recent tech- 
niques for microanalysis of solids and sur- 
faces, 

Finally, emission of ions is inevitably com- 
bined with generation of neutrals. Post-ioni- 
zation techniques offer promising prospects 
here. A fourth section is dedicated to laser 
ablation based techniques. 


Lasers tn Inorgante Mass Spectrometry 


Several review papers are available*™*, In 


fact a lot of work in this area is concerned 
with the possible application of lasers as an 
alternative for spark source mass spectrometry 
(SSMS) for very low amounts of sample (less 
than 10°° g) and/or insulating materials. 

One of the first attempts was reported by 
Honig and Woolston on a double-focusing magnet- 
ic instrument.’ A crater 150 um in diameter 
and 125 um deep was produced, yielding 20105" 
ions from 2.10'’ atoms. Pulse duration was 50 
us. The high ion current has given rise to 
space charge broadening problems. Hence, Fen- 
ner and Daly presented a combination of a Q- 
switched ruby laser with time-of-flight (TOF) 
analysis.°® Nonconducting samples, such as 
glass, ceramic whiskers, and human hair, in the 
range 107° to 107*° g could be handled, but 
mass resolution was problematic. Research has 
then continued along these two main directions. 
On the one hand, double-focusing Mattauch-Her- 
zog instruments have been equipped with more or 
less focused lasers. The low transmission has 
required repetitive irradiation (Fig. 2a). In 
fact, these instruments primarily try to ex- 
ploit the inherent advantages of laser loniza- 
tion of solids for quantitation. On the other 
hand, Eloy worked on the microprobe idea (Fig. 
2b) .7 With a single magnetic sector, equipped 
with a specially designed panoramic electro- 
optic detector, TOF measurements have been 
achieved on a variety of dielectric samples, 
e.g., biological and geological materials, Fi- 
nally, the LMMS instruments have been developed 
with a short single pulse laser irradiation 
combined with a TOF analyzer with ion reflector 
to compensate for the initial energy spread 


(Fig. 2c). Table 2 compares the major charac- 
teristics from different in-house developed 
instruments with the commercial versions, both 
for the modified SSMS (EMAL, USSR) and the 
microprobes (LAMMA, FRG, and LIMA, U.K.).°7?° 

Besides the obvious advantages for dielec- 
tric samples or materials hard to convert into 
electrodes, interest in laser ionization as an 
alternative to SSMS arises from the quite nar- 
row range in which the relative sensitivity 
factors (RSF) lie. Matus et al.?* compared 
results from SSMS and laser ionization 
for a geological standard (ocean island ba- 
salt). More than 80% of the RSFs for laser 
ionization are within a factor of 2, which is 
significantly better than in SSMS. 

The hopes of early investigators for 
straightforward quantitation by LMMS have not 
been generally fulfilled. RSFs remain within 
roughly an order of magnitude but strongly de- 
pend on the matrix, which makes even semiquan- 
titative results within a factor 5 not feasi- 
ble for different materials. Hence, the ap- 
plicability of the local thermal equilibrium 
model derived for SIMS to LMMS remains a mat- 
ter of debate. It is based on the assumption 
that the ion yield can be assessed by use of 
realistic assumptions for electron density and 
plasma temperature. Results have been de- 
scribed previously and sustained by other au- 
thors." 2° 

Another interesting application is reported 
by Furman et al.*? A laser has been mounted 
on a Cameca 3f secondary ion mass spectrometer 
(SIMS) instrument. Laser irradiation has al- 
lowed direct imaging of (for example) Na, Kk, 
and Rb distributions on the surface of insula- 
tors. This experiment corresponds to a pho- 
tons-in and ions-out route but the generated 
particles are now characterized by mass and 
spattal distrtbutton, Other areas of interest 
include the processing of materials in the 
sample chamber of the ion microanalyzer, e.g., 
monitoring of the dopant redistribution during 
irradiation as an alternative to the SIMS 
study of samples after laser annealing. Also, 
the problem of residual vacuum contamination 
(deposition of oxygen, for example) is success- 
fully dealt with.?3 


Lasers tn Organie Mass Spectrometry 


The report of Mumma et al.?* on sodium hex- 


ylsulfonates is generally considered as the 
start of laser desorption (LD) MS, a soft ion- 
ization method for nonvolatile polar compounds 
and ionic salts. In spite of the highly de- 
structive power of the laser beam, thermola- 
biles are detected as intact molecules under 
the cationized form in the virtual absence of 
decomposition or fragmentation. Another mile- 
stone has been the publication of Posthumus et 
al. on LDMS of thermolabile biomolecules such 
as oligosaccharides, peptides, digitonine, 
etc.*’ Conceived within the context of organ- 
ic MS, instruments have been developed on the 
basis of double-focusing magnetic analyzers 
and quadrupole filters. Virtually all pos- 
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FIG. 2.--Typical examples for laser ionization 

in elemental mass spectrometry with (a) modif- 

ied spark source instrument ,!! (b) experimental 
microprobe with magnetic sector,?? (c) commer- 

cial LIMA 2A microprobe with time-of-flight MS 

and reflector.2° 
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FIG. 3.--Typical examples for laser ionization 
in organic mass spectrometry with experimental 
uae based on (a) magnetic sector instru- 
ment, (b) quadrupole, (c) moving-belt LC-MS 
interface. 34 
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Fourier-transform MS. 


sible types of lasers, continuous and repeti- 
tively pulsed, with various wavelengths, pulse 
duration, etc., and several sample geometries, 
including a modified moving-belt liquid chroma- 
tography (LC) MS interface, have been tried 
(cf. survey in Table 3 and representative ex- 
amples in Fig. 3). Here again, the commercial 
LMMS equipment deserves an appropriate place, 
though the focusing into amicrometer spot is not 
required for purely mass spectrometric studies. 

In fact, all LDMS results for organic com- 
pounds are largely comparable. Laser wave- 
length, pulse duration, power density, etc., do 
not seem to be critical. Initial instruments 
for rather bulky samples normally use power 
densities in the range up to 10’ W/cm?, mostly 
in the reflection geometry. In contrast, LMMS 
results show unexpected features, i.e., exten- 
sive fragmentation, more protonation instead of 
cationization, thermal degradation, and elec- 
tron (capture) ionization. The relative abun- 
dance of these processes may depend on the lo- 
cal analyzing conditions. Also, wavelength has 
a pronounced effect on the kind of information, 
as evidenced by work at 532 nm instead of 266 
nm. This disagreement can be partly related to 
the higher power density in LMMS (10°-107? 
W/cm? ) and the use of thin samples, at least in 
the transmission mode. It has been shown that 
the contribution of prompt vs delayed ion for- 
mation may depend on the configuration. In 
fact, the actual LMMS equipment requires prompt 
ionization to achieve reasonable mass resolu- 
tion and calibration, The experiments with 
draw-out pulses in time-of-flight (TOF) LDMS °° 
sustain the idea that the incompatibility be- 
tween the delayed ion formation and the specif- 
ic requirements for detection in LMMS may ex- 
plain the different results. 

The continued research toward high masses 
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(Cont'd): Experine tal set-ups based on (d) time-of-flight with draw-out pulse, 39 (e) 
° (For more details, see Table 3). 


gives LMMS a distinct advantage. The TOF sys- 
tem is transparent for heavy species. Ions up 
to 270 000 daitons are already generated by la- 
ser microbeam irradiation but then mass resolu- 
tion of the instrument becomes inadequate.*? 

A promising alternative is offered by combina- 
tion with Fourier transform (FT) MS, for which 
purpose the pulsed nature of laser ionization 
and the very limited material consumption are 
definite assets (Fig. 3e). The ultimate MS 
resolution thus achieved, extended mass range, 
and the possibility of fundamental studies on 
ion chemistry hold a great deal of promise in 
this field. 


Compartson of TIMMS with Current Microanalytt- 
eal Techniques 


Table 4 summarizes the major characteris- 
tics of current methods as to spatial resolu- 
tion, depth profiling, obtained information, 
etc. 

Prime assets of LMMS concern the ability to 
analyze conducting or insulating samples as 
well as the versatility to allow characteriza- 
tion of elemental composition, inorganic speci- 
ation, or even organic structural information. 
Whereas techniques as electron spectroscopy for 
chemical analysis (ESCA) and SIMS describe more 
or less indirectly the chemical environment, 
LMMS enables detailed identification of inor- 
ganic substances, virtually in the same way 
that organic chemists are used to. So far, 
there is no other technique by which such a 
wide range of information is made available 
from a single instrument. Moreover, sample 
preparation gives the possibility of rapid 
sputtering. Erosion of layers of the order of 
several micrometers is more easily achieved 
chan with ion bombardment in (for instance} Auger 
electron spectroscopy, ESCA, or SIMS. 
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Major problems at this moment are the poor 
visual resolution during sample observation, 
which is definitely inferior to EPMA: the con- 
fined depth-profiling capabilities, since con- 
secutive shots do not allow the same thin-layer 
erosion as for example ion sputtering; the con- 
fined mass resolution, limiting the inherent 
possibilities of laser microbeam irradiation 
for analysis of very heavy ions. Quantifica- 
tion remains difficult, excepted for well-de- 
fined homogeneous systems analyzed under strict 
protocols, applicable to selected cases only. 
Finally, an often underestimated problem is the 
extreme dependency between results and local 
experimental conditions, i.e., at the position 
of laser impact, which are often hard to de- 
scribe. As a result, interlaboratory compari- 
sons tend to yield disappointing results. 

In conclusion, LMMS is often quoted as a 
unique tool for problem solving. Usually, the 
combination of several techniques is required. 
The laser microprobe delivers rapidly complete 
but qualitative information on a variety of 
micro-objects with often negligible sample pre- 
treatment. Indeed, the presence of organics 
and/or inorganics can be traced in local spots 
on surfaces, in the near surface region, in 
micrometer-size particles. Applications are 
found in almost all industrial and scientific 
research: analysis of biological materials, 
polymers, ceramics, metal alloys, aerosols, or- 
ganic compounds, explosives, etc. 


Laser Ablatton 


Generation of ions is inevitably accompanied 
by the release of neutrals (Fig. 1). Laser- 
ablation techniques are employed to volatilize 
solid samples prior to gas phase ionization, 
Applications are again found in elemental anal- 
ysis, organic MS, and further developments of 
the actual LMMS instruments. 

The inductively coupled plasma (ICP) source 
is developed for nebulized solution samples but 
accepts other sources so long as the material 
is entrained in the sample flow gas as a vapor 
or aerosol of solid particles or liquid drop- 
lets. Particularly attractive is the use of a 
pulsed laser to ablate a sample directly from 
the solid into the injector flow to the ICP ion 
source (Fig. 4a)."° This procedure removes the 
need for dissolution and makes ICP directly 
compatible with the analysis of glasses, ceram- 
ics, geological samples, semiconductors, met- 
als, etc. 

A commercial TOF MS with a dual laser system 
has been available for several years now. 
First, organics are desorbed by IR and the gas 
phase is cooled by a supersonic jet pulse to 
insure a narrow energy distribution (Fig. 4b). 
Next, ionization is performed with a tunable 
dye laser, which enables selective ion forma- 
tion and at the same time controlled fragmenta- 
tion. Sensitivity is lower than in LMMS but 
this is a promising tool for structural charac- 
terization, Attempts in the same direction are 
currently under development for the microprobes. 

A tempting idea concerns the combination of 


two lasers in LMMS: one primarily to ablate 
the sample, the second for postionization of 
the desorbed neutrals. Schueler et al. re- 
ported a significant gain by 100-1,000 in sen- 
sitivity for GaAs.** Verdun et al. comp le- 
mented the LAMMA 500 with a tunable dye laser 
and observed a noticeably increased ion yield 
for copper-doped resins at two wavelengths, 
which are associated with the matrix absorp- 
tion and the real resonance ionization of 
copper. *? 


Cone luston 


The fast progress in the field of laser 
technology permits us to forecast implementa- 
tion on a variety of MS instruments, providing 
microprobe facilities or not, with high 
(10 000) or even ultimate mass resolution 
(FTMS). Moreover, there is a renewed interest 
in the use of TOF analyzers as a result of the 
continuing efforts to apply MS on very high 
molecular weight compounds, for example in the 
life sciences. The resulting feedback will 
allow further refinement of the actual LMMS 
and strengthen its position within the range 
of micro-analytical instruments. 
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Presidential Symposium: Spectroscopy in Microscopy & Microanalysis 
ELECTRON MICROSCOPY TO ELECTRON MICROPROBE ANALYSIS; THE EARLY DAYS 


James Hillier 


The period I shall describe is the decade from 
1935 to 1945. That is from 44 to 54 years ago 
and safely beyond the reach of most my readers' 
memories. Looking back, it was a most excit- 
ing, even spectacular, decade during which a 
remarkably small group of researchers scat- 
tered around Europe and North America took the 
magnetic transmission electron microscope (TEM) 
from a rather quiescent, theoretical concept 
to a reasonably reliable, practical instrument 
that was in serial production. By the end of 
the decade it had a routine resolving power of 
better than 10 nm, and in expert hands was 
reaching 1 nm. In that same period, the first 
attempt to build a scanning electron microscope 
was made and the basic principles of microprobe 
analysis were demonstrated. The fields of ap- 
plication of the TEM were expanded from essen- 
tially zero to the full range of the light mi- 
croscope, with two exceptions. There was not 
yet any way of cutting sufficiently thin sec- 
tions of biological materials. That came a 
few years later. Color, so valuable in light 
microscopy, seemed to have no counterpart in 
electron microscopy. 

It seems almost incomprehensible in today's 
world that, in the middle 1930s, a few indi- 
viduals were putting enormous effort into de- 
veloping a high-resolution electron microscope 
when the only type of specimen we were sure we 
could examine was no more exotic than the edge 
of a razor blade. It was generally assumed 
that the electron intensity required to make a 
highly magnified image useful would immediate- 
ly destroy any but the most refractory speci- 
men. In 1937 Marton published his paper in 
which he demonstrated that a sufficiently thin 
suspended film of collodion could be the coun- 
terpart of the microscope slide. Immediately 
the entire field of very fine solid particles 
--paint pigments, colloids, bacteria, viruses, 
etc., was opened up, followed rapidly by rep- 
licas of metallurgical specimens and shadowing 
techniques. Although beam-induced contamina- 
tion of the specimen was recognized early, it 
was several years before it was recognized 
that the electron beam did cause some radiation 
damage even in the thinnest specimens. It was 
also several years before it was recognized 
that specimens sufficiently thin to avoid beam 
heating couls still be too thick to permit the 
extraction of intelligence from the images be- 
cause of a plethora of overlapping structures. 

Why did the TEM come into being in that 
particular decade? My view is that the tech- 
nological infrastructure of the electronics in- 
dustry was coming together. Suddenly we had 
50-liter/s oil-diffusion pumps instead of frac- 
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tional liter/s mercury pumps. We had contin- 
uously reading electronic vacuum gauges instead 
of McLeod gauges; rapid demountability with 
synthetic-rubber O-rings and gaskets instead 

of ground grease joints; vacuum-tight, flexible 
metal bellows that gave us new opportunities 
for designing means of manipulating within a 
vacuum chamber. I am sure some high-vacuum 
technologists may blanch as I list these devel- 
opments. I understand; but to us, in 1940, 
they were miracles. On the electronic circuit- 
ry side, we had regulated high-voltage supplies 
instead of expensive and dangerous capacitor- 
resistor filter chains, and regulated current 
supplies instead of water-cooled lens coils and 
banks of automobile batteries. These develop- 
ments, and others, speeded our work by an order 
of magnitude or two. Such numbers practically 
guarantee the historical coincidence of the 
development of an enabling technology and the 
emergence of a major new development. 

Unfortunately, although the technological 
infrastructure that supported the design and 
construction of TEMs was becoming available, 
the instrumentation needed to study their lim- 
iting performance did not exist. Before 1940 
few of us appreciated how many external and 
internal factors were capable of disturbing 
the TEM image, or the sensitivity of the images 
to these factors. Ultimately, the instruments 
themselves, being the only devices with suffi- 
cient sensitivity, had to become the means for 
detecting and measuring the effects of the 
myriads of technical problems that existed in 
those early instruments. The read-out was, of 
course, the nature and degree of blurring of 
the recorded image. It was because of the low 
intensity of the visual images in those days 
that the sensitivity was achievable only in the 
recorded image and not in real time. Not only 
was the read-out very ambiguous, but it re- 
lated only to events that occurred during the 
exposure interval. For example, the effect of 
a thermal drift of the specimen on the image 
was indistinguishable from the effect of an 
insulating particle, somewhere near the imaging 
beam, that was being charged by scattered elec- 
trons and was slowly deflecting the image. 
Similarly, the effect of a minute mechanical 
vibration of the column could be indistinguish- 
able from the two just mentioned. 

Thus, the development of the TEM became an 
unending repetitive series of proposed hypoth- 
eses, followed by the design of an experimental 
test and then by the actual test. Because of 
the variability of many of the defects and of 
their large number, the successful identifica- 
tion and removal of one defect did not neces- 
sarily lead to an observable improvement. How- 
ever, aS it turned out, it was that same varia- 
bility that prevented the process from being 


completely discouraging. As we were struggl- 
ing to achieve consistent results, at, say, 

10 nm and making thousands of exposures, there 
was always the unexpected exposure that showed 
resolving power several times better. Those 
were the micrographs that were published but, 
more important, they were the teasers that 
persuaded the early workers to keep trying. 

By 1943 the number of defects still present 
had Geen whittled down to the point where 
identifying and removing the remaining ones 
became relatively easy. As a result, some 
spectacular improvements in resolving power 
were made quickly and easily. It was this 
phenomenon that allowed the implicit astigma- 
tism of the magnetic objective to emerge from 
the masking effect of other problems and to be 
corrected by the development of the stigmator. 

If I have a message in this part of my ac- 
count, it is to note that the great bulk of 
the work that brought the TEM into being as a 
most useful tool for science had nothing to do 
with the basic theory of the electron micro- 
scope. That also leads to a small complaint 
that, through some form of accepted snobbery 
(of which I was as guilty as anyone), no re- 
ports of any of this work were ever published. 
Although there was much word-of-mouth exchange 
of information among the early workers, I fear 
that our behavior condemned many newcomers 
here and overseas to repeating many of our 
mistakes. 

Despite our problems, the TEM did begin to 
be useful and started providing essential in- 
formation to an expanding universe of research, 
sometimes in spectacular and unexpected ways. 
One such incident sticks in my memory as a 
particularly significant demonstration of the 
role of the early TEM and as a cornerstone of 
my own understanding. 

The time was the fall of 1940. We had the 
first developmental model of the RCA EMB mi- 
croscope working in my laboratory in Camden, 
N.J. We received a call from Dr. Wendell 
Stanley asking if it would be possible to take 
a look at one of his tobacco mosaic virus (TMV) 
preparations. Dr. Stanley was working at the 
Rockefeller Institute Laboratories in Prince- 
ton, N.J. (In 1946 he received the Nobel 
Prize in chemistry for his work on plant vir- 
uses.) We made a date and within an hour af- 
ter he arrived, we had a spectacular picture 
of the characteristic rods of his virus. In 
minutes, we had confirmed what had taken Dr. 
Stanley's group many years to determine, in- 
directly, by means of such techniques as low- 
angle x-ray scattering, the ultracentrifuge, 
birefringence optical studies, plus all the 
necessary biological tests. Note that I used 
the word confirmed." 

It is illuminating to consider what the 
scenario might have been if the TEM had been 
available when Dr. Stanley started his work. 
He would have doubtless compared micrographs 
of juices from healthy and from the infected 
plants, and his attention would have been 
attracted by the presence of the TMV rods as 


alien structures present only in the juices 
from the infected plants. Please note that the 
presence of the rods would have been strongly 
suggestive but would have proved nothing. How- 
ever, supported by the TEM results, showing 
that the rods were indeed the infectious agent, 
would have been a rather straightforward and 
relative simple procedure. 

The spectacular confirmation of Dr. Stan- 
ley's work is only one indicator of the value 
‘of the TEM. My alternative scenario presents 
another measure and shows that a more impor- 
tant, but less appreciated, value of the TEM 
was in the enormous improvement in the effi- 
ciency that would have occurred in Dr. Stan- 
ley's research on the basis of what the TEM 
did not show! Without the TEM, the possible 
presence of each of all the particle sizes and 
shapes that the virus could have had would 
have had to be postulated and tested. 

This little anecdote shows that, in those 
days, the TEM had two functions. The first 
was to illuminate "submicroscopic" geometric 
structures relevant to ongoing research pro- 
grams. The second was to increase the efficien- 
cy of research by greatly reducing the number 
of possible geometric structures and thus 
eliminating the need to test the relevant 
hypotheses, 

As we struggled to appreciate the signifi- 
cance of the electron microscope images in 
research, it became quite clear that geometric 
information, in isolation, had relatively lit- 
tle value. It did assume importance when 
taken in conjunction with information from re- 
lated research, Around 1940 most of the early 
workers recognized how valuable it would be to 
be able to identify the chemistry of the 
structures that the TEM was making visible. 
Staining with heavy-metal compounds became 
useful for enhancing the contrast in images of 
organic materials, but that was a very blunt 
probe for identifying the chemistry of the 
specimen. 

There was a flurry of activity in our labo- 
ratory to explore the potential of electron 
diffraction as a means of identifying the chem- 
ical structure of small particles and struc- 
tures. The effort fizzled for a number of rea- 
sons. It was essentially worthless for small 
organic sturctures. Very small inorganic par- 
ticles tended to be single or near single 
crystal structures with indeterminate orienta- 
tion. Given the cumbersome facilities for in- 
age intensity measurements available to us at 
that period, it became clear that the limited 
results obtained did not justify the effort 
required. Nevertheless, the research had a 
payoff. We obtained invaluable experience in 
the design and operation of an electron-probe 
type of instrumentation. 

The probe system used in the electron-dif- 
fraction experiments was a stationary probe 
that produced a transmission shadow image of 
the specimen. As the probe was focused closer 
to the specimen, the magnification in the shad- 
ow image increased. Ultimately, the part of 


the specimen that covered the entire field was 
the area being bombarded by the probe, and 
therefore the area subject to analysis. Moving 
the specimen enabled the operator to select any 
point for examination. 

In 1941 we had tried to build a scanning mi- 
croscope. It was primarily an effort to apply 
high-resolution electron microscopy to metal- 
lurgical and other solid specimens. (This was 
prior to the development of replica techniques.) 
We did succeed in building such an instrument 
and obtaining a few pictures. However, it be- 
came painfully clear that the technology of 
1940 was not up to our objectives and that we 
could do much more good by continuing the de- 
velopment of the TEM. 

Early in 1943 I was browsing in the library 
and ran across an article by G. Ruthemann in 
Naturwissenschaften, Ruthemann had investigat- 
ed the electron velocity distribution in the 
electrons transmitted by thin films of collo- 
dion. He showed that the discrete energy loss- 
es caused by the excitation of the K-levels of 
C, N, and O produced observable peaks in the 
distribution of electrons that had suffered 
energy losses due to inelastic collisions. 
Reading that article was an interesting exper- 
ience in how the human mind works. In seconds 
my mind recognized the possibility of using 
the phenomenon for microanalysis and provided 
me with essentially the complete design of our 
first instrument! I finally truly understood 
what the patent attorneys meant when they 
talked about the "flash of inspiration." 

We quickly modified one of our probe in- 
struments and confirmed Ruthemann's results. 

We also extended them to include levels for 
some other light elements. We even did some 
work on the detection of the x rays emitted 
from a very small area of the specimen. All of 
this was very good research that we pursued 
very enthusiastically. Unfortunately, our en- 
thusiasm began to turn to discouragement as we 
began to realize that, once again, our concepts 
were running far ahead of the technologies 
needed for their routine application. It was 
almost three decades before all the technolo- 
gies needed to make microprobe analysis reason- 
ably practical came together. Among them were 
some very major developments, such as very- 
high-resolution scanning transmission electron 
microscopes and very powerful small computers, 
as well as a broad range of very sensitive sen- 
sors. The stories of those developments will 
have to be told by the individuals involved. 

For my part, the exercise of reexamining our 
activities from a vantage point of a half a 
century later has been a most interesting one 
and I appreciate the opportunity to do it. It 
also presents the opportunity to appreciate 
once again how valuable the inexperience and 
naivety of youth can be. 
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SPATIALLY RESOLVED ELECTRON ENERGY LOSS SPECTROSCOPY 


P. E. Batson 


It has been apparent since the first work of 
Hillier and Baker in 1944! that electron ener- 
gy loss spectroscopy can provide information 
which is characteristic of the elemental con- 
tent of small areas in thin specimens. In the 
time since then, advances in equipment and un- 
derstanding have produced a technique that 
promises to be routinely applicable in any 
modern electron microscope on a spatial scale 
of a few nanometers. With the new field- 
emission-equipped instruments, we can deter- 
mine the elemental content in areas as small 
as 0.5 nm in diameter in 5nm thick specimens-- 
i.e., as few as 50 atoms in silicon. It has 
also been apparent that energy loss structure 
should be characteristic of the elemental 
bonding environment and electronic structure, 
as well as reflecting the absolute numbers of 
atoms. The gross variation of the shape of 
the carbon K-edge (1s°CB) in amorphous carbon, 
graphite, and diamond is a good example of 
this behavior. The work reported here has been 
undertaken to show the feasibility of obtaining 
detailed shapes of energy loss scattering from 
very small areas, to provide information about 
the local bonding and electronic structure. 
Some surprising results have been obtained. 
For instance, the shape of the carbon K-edge 
can be used to infer the presence of carbonate 
at grain boundaries in the high-Tc material 
YBA2Cu307-6. With care, this identification 
can be taken further to choose between BaCO, 
and CuCO;. Thus the environment of the carbon 
can be deduced without reference to other en- 
ergy loss edges. In conduction bandstructure 
determination, it turns out to be possible to 
observe changes in the silicon bandstructure 
caused by the nearby presence of a single dis- 
location. 


The Instrument 


The energy loss system is shown in Fig. 1, 
reproduced from Ref. 2. It includes a VG Mi- 
croscopes HB501 Scanning Transmission Electron 
Microscope (STEM), a Wien filter electron 
spectrometer,* and a Princeton Applied Research 
diode array and acquisition system." The three 
instruments are controlled via a Series/1 com- 
puter through extensive digital links.° The 
microscope can routinely form a sub-Inm diame- 
ter probe of 100 keV electrons with a beam 
current greater than 1 nA. The spectrometer is 
situated within an electrode which is connected 
to the microscope high voltage to eliminate 
problems of microscope instability. With pre- 
spectrometer electron transfer optics, which 
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FIG. 1.--High-energy resolution EELS-STEM 
system.* Wien filter is mounted within hori- 
zontal chamber above microscope. Single-slit 
counting and diode array parallel detection 
are located above Wien filter chamber. 


consist of a doublet quadrupole and a sextu- 
pole, the Wien filter is operated in a double- 
focusing configuration with partial second- 
order angular correction. The spectroscopic 
energy resolution is routinely between 0.35 
and 0.40 eV, dominated by the 0.28eV contribu- 
tion from the room-temperature field-emission 
source. This is obtainable out to about a 
20mR half-angle of collection. At present, 
the second largest contribution (150 meV) 
comes from blurring in the diode array detec- 
tor system.’ The contribution from the spec- 
trometer optics is about 70 meV at a 10mR col- 
lection half angle, worsening to about 120 meV 
at a 20mR collection half angle. The stabili- 
ty and accuracy of the energy scale of this 
device is +30 meV. This performance is unre- 
lated to the probe-forming optical configuration 
of the STEM. Thus it is entirely feasible to 
equip a modern instrument capable of a 0.3nm 
probe diameter. 


Phystcal Basts 


When a fast electron passes through a thin 
film of material, there is a high probability 
that it will give up some energy to the mater- 
ial. The various ways that a material can 
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FIG. 2.--Energy level diagram and its rela- 
tionship with energy loss spectrum for a 
simple semiconductor.® Single electron tran- 
sitions from filled to empty states are de- 
noted by vertical arrows. Various transitions 
give rise to characteristic features in energy 
loss spectrum as indicated. 


take up energy are then reflected in the ener- 
gy change of the fast electron. Figure 2 
shows possible single electron energy states 
for a typical semiconducting material.® Below 
the maximum occupied energy, the Fermi level, 
we find deep atomic levels, the valence band, 
and defect levels within a semiconductor gap. 
Above the Fermi level, unoccupied levels in- 
clude defect levels in the gap, the conduction 
band edge with possible structure, and a con- 
tinuum of free-electron-like states extending 
to high energies. A typical energy loss spec- 
trum is displayed on the left in the figure. 
Features at various energies in the energy 
loss spectrum are related to transitions be- 
tween filled and empty single electron states 
in the material. The simplest of them is the 
promotion of an atomic core electron to the 
continuum of states above the Fermi level. 
This effect produces a step-like edge in the 
energy loss spectrum at an energy which is 
characteristic of the element whose core is ex- 
cited. The edge is featureless in this model, 
and a continuum of intensity extends hundreds 
of electron volts beyond the step onset. These 
excitations are particularly useful for micro- 
analysis, because the intrinsic spatial reso- 
lution is high--usually limited only by the 
electron beam size. In the low-energy region, 
resonance structures occur. These are the 
bulk- and surface-related plasmons. They re- 
flect correlated motion of all the valence and 
conduction electrons in the material. On the 
single electron state model in Fig. 2, this 
type of excitation is indicated by transitions 
of many electrons together by small amounts of 
energy. Since the energy lost is given up to 
motion of many electrons, the spatial resolu- 
tion of this process is not very high. In 
fact, the detailed morphology of the specimen 


material determines the spatial range of the 
plasmon scattering. These losses are there- 
fore not of much use for elemental microanaly- 
sis, but they can provide insight into the op- 
tical behavior of complicated submicron struc- 
tures.” 

Transitions from the valence band to un- 
filled defect levels, or to the conduction band 
edge, appear as absorption edges in the sub- 
SeV range. The spatial resolution of these ex- 
citations can be fairly good for defect-related 
Scattering, because the scattering range can 
be dominated by the small size of the defect. 
In addition, the defect scattering can be large 
with respect to the direct valence to conduc-~ 
tion-band scattering that occurs at a similar 
energy. However, the magnitude of scattering 
in both cases is very small--similar in size to 
a core absorption.® Since this intensity oc- 
curs fairly close to the very intense unscat- 
tered beam, it is very difficult to obtain. 

Transitions from the core levels to defect 
and low-energy conduction band states modify 
the shape of the core-level absorption onset. 
Like the direct defect to conduction band 
transitions, they can be unexpectedly large 
with respect to the associated core-level ab- 
sorption.” They are easier to obtain than the 
losses in the low-energy region because the 
background--due to the unscattered beam and due 
to the strong collective excitations--is rela- 
tively weak at the large energy losses asso- 
ciated with the core edges. Several kinds of 
variations in the shape of the core losses oc- 
cur. Transitions to states near the conduction 
band edge are sensitive to the number and 
types of near neighbors of the excited atom. 

As will be apparent below, it is possible to 
identify near neighbors in Si with reference to 
the Si L.,3 edge alone. Transitions to defect 
states within the semiconductor gap produce 
intensity below the absorption onset. This in- 
tensity can be used to infer the electrical 
properties of defects and interfaces. The ef- 
fect of a single dislocation on the silicon 
conduction bandstructure can be easily dis- 
cerned within about 2 nm of the dislocation. 
Also, the local Fermi level pinning position 
can be obtained near a metal-semiconductor 
interface. 


Results Ustng the Carbon K-edge 


Figure 3 shows a typical 2eV resolution plot 
of the energy loss scattering for YBaz2Cu307-6. 
This is the kind of result that generally gives 
the elemental content fairly well. The core to 
continuum transitions for Ba, 0, and Cu are 
fairly obvious, although the Cu signal is dif- 
ficult to obtain due to the background from the 
Ba My,s edge near 785 eV. Also, the Y signal 
is very weak in this example. Therefore, in 
the region below 1000 eV for this material, 
electron energy loss scattering is not very 
useful for quantitative elemental analysis. 
the other hand, if we want to have detailed 
information on the local environment of oxygen 
in this material, we may look at the detailed 
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FIG. 3.--Wide energy scan of YBa2Cu307-§ with 
2.5eV resolution. Most major constituents are 
visible, but in this energy regime, Y is not 
evident. Also, Cu is difficult to obtain due 
to large background caused by Ba signal. This 
figure is combination of several spectra taken 
under varying conditions. 


shape of the oxygen K-edge. The oxygen edge 
is low enough in energy (530 eV) and well 
enough separated from other edges to permit a 
careful look at its shape and absolute posi- 
tion. Figure 4 shows the oxygen K-edge ob- 
tained from CuO compared with results from two 
orientations of YBa2Cu307_s.’° We see immedi- 
ately, first, that the oxygen environment is 
very different for these two materials, since 
their absorption profiles are entirely differ- 
ent. Second, there is a pronounced orienta- 
tion dependence of the YBa2Cu307_3 results. 
It turns out that the conduction band edge in 
the superconductor has a pronounced electrical 
anisotropy: the material has a high conductiv- 
ity in directions parallel to the a-b plane 
and a low conductivity in the c-axis direction, 
The energy loss experiments show nicely that 
the conduction band has pxyy Symmetry with very 
little pz character near the Fermi level. 
Under some circumstances, carbon is observ- 
able at grain boundaries in YBazCu307-§. This 
result should not be surprising, since the ma- 
terials preparation includes BaCO; as an early 
constituent. It would be difficult to identify 
the chemical nature of this carbon if we were 
forced to use quantitative core loss analysis 
only, because isolated pockets of the grain 
boundary material are scarce, so it is diffi- 
cult to obtain a clear-cut signal. Figure 5 
shows high-resolution results for carbon in 
various forms (diamond, graphite, amorphous, 
CuCO;, and BaCO;) compared with the carbon sig- 
nal obtained from the YBaz2Cu307_§ grain boun- 
dary.'? The gross variations of the carbon 
K-edge structure for the various forms are 
striking in these results, The edge position 
varies by as much as 5 eV, and the detailed 
shape variations depend strongly on whether 
the carbon is sp? or sp® bonded. On a finer 
scale, the mainly sp? bonded amorphous carbon 
is still clearly distinguishable from the 
graphite results. In fact, others have shown 
that the carbon K-edge shape varies in a re- 
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FIG. 4.--Oxygen K-edge obtained for CuO and 

two orientations of YBaz2Cu307-§. It is evident 
that 528eV peak on O edge is strongest when 
scattering momentum is largely confined to a-b 
plane of material. This is an indication of 
Pyy character of holes near Fermi level in 
YBa2Cu307.§. 
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FIG. 5.--Near-edge structure for various types 
of carbon, compared with unknown spectrum ac- 
quired from grain boundary in YBa2Cu307_9§. 
Shape is characteristic of local environment 
of carbon. BaCO; result appears to have some 
amorphous carbon, probably surface contamina- 
tion. Unknown can be identified as BaCO, from 
good registry of 290.25eV peaks. Graphite re- 
sult was obtained with parallel recording sys- 
tem in vl min; amorphous result was obtained 
with serial recording for >1 h. 


producible manner in amorphous carbon grown in 
gas decomposition reactions that leave varying 


amounts of hydrogen within the material.?? In 


this example, we can compare with the observed 
grain boundary signal and quickly eliminate an 
amorphous carbon layer in favor of a carbonate 
structure as the source of the observed signal. 
In addition, the precise position of the sharp 
resonance at 290.25 eV identifies this as 

BaCO, rather than CuCO,, whose first peak oc- 
curs at 290.6 eV. The ability to measure the 
absolute position of the grain boundary loss 
to the accuracy +30 meV is crucial to making 
the final identification of BaCO,;. In passing, 
it should be mentioned that it is also crucial 
to have a parallel recording capability, par- 
ticularly for the problem concerning the radi- 
ation-sensitive YBa2Cu307_s. Even with a very 
good resolution and stability, a serial collec- 
tion system would not produce an adequate 
statistical accuracy. 


Results at the Stitcon Lz; Edge 


Silicon provides many interesting examples 
of the utility of fine details at the core 
edge. Figure 6 shows the bulk Si L2,3; edge 
which occurs at 99.84 eV. This onset energy 
is the point of maximum slope at the initial 
absorption onset, and is reproducible within 
the accuracy quoted above of +30 meV. It is 
possible to extract the 2p3/? part of the 
scattering to eliminate structure due to the 
spin-orbit splitting of the core state. This 
result is compared with known positions of 
critical points in the Si Brillouin zone. Al- 
so included in the figure is a result from a 
calculation of the s- and d-projected density 
of states.'° Prior work has concentrated on 
comparisons of the shape of the onset with the 
total density of states in the conduction band 
Agreement was not very good, and attempts were 
made to account for the differences using core 
excitons, as discussed in Ref. 13. It appears 
from the good comparison in Fig. 6 that exci- 
tonic interactions are not necessary to an un- 
derstanding of the scattering in silicon. 

The precise shape and position of the L2\5 
edge reflects the local bonding environment of 
Silicon in the material. Figure 7 shows a set 
of silicon spectra obtained for Si, SisNy, = 
Si2N,0, SiO, and Si 0,. The edges shift toward 
higher binding energy from the least oxidized 
(Si) to the most oxidized (Si0,). Examination 
of the oxygen signal for these compounds re- 
veals that no major differences exist? 1" for 
that edge. This result is explained by the re- 
alization that oxygen makes a bridge between 
Silicon atoms in each of the oxygen-bearing 
compounds, so that near-neighbor environment 
is unchanged for the oxygen. The near-edge 
structure therefore provides a sensitive probe 
of the local atomic environment. The SiO re- 
sults are interesting in this context in that 
they are very similar to the results for Si0,, 
leading one to wonder whether the material ac- 
tually consists of regions of Si0, surrounding 
silicon. Examination of the expanded pre-edge 
signal in Fig. 7 shows that this is not the 
case. There it is apparent that the onset en- 
ergy of the ramp-like structure is 100.15 eV 
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FIG. 6.--Si 2p3/? edge obtained for bulk crys- 
tal. Ls part has been extracted to show struc- 
ture that reflects structure in conduction 
bands. Probable positions of various critical 
points from the Si bandstructure are indicated. 
Also, results of a calculation of s~ and d-pro- 
jected density of final states are shown.!® 


rather than 99.84 eV as in bulk Si. Thus the ma- 
terial appears to be homogeneous on an atomic 
scale. There are ways of assembling random net- 
works of Si and O in such a way as to have most 
Si four-fold coordinated by O with a minority 
of Si having three O neighbors and one Si neigh- 
bor. This arrangement would likely give the ob- 
served behavior, but bandstructure calculations 
need to be attempted to be sure of this config- 
uration. These edge structures were utilized 
to identify Si,N,0 in oo 5Snm layer of material 
between Si3N, and Si. 


Results from the Metal/Stlteon Interface 


As should be apparent from the above discus- 
sion, the shape of the silicon Lz; edge can be 
obtained with sufficient accuracy "to highlight 
features of the conduction bandstructure. If 
empty electronic states occur within the sili- 
con band gap, they should produce scattering 
intensity within 1 eV below the onset of the 


Lo i3 edge. Surprisingly, the differential 
scattering at the onset in silicon cor- 
responds to only about 0.1 electron states 


per eV per atom, due partly to the centrifugal 
barrier, which forces most of the scattering 
intensity to higher energies. A slice of 
scattering within the 0.35eV resolution of the 
spectrometer thus arises from 0.035 states per 
atom. Consider then a single, sharply defined 
localized defect state at an interface. All 
the scattering associated with this state oc- 
curs within the energy resolution of the spec- 


Bulk Si 


99.84eV 100.15eV 


105 110 115 


ENERGY LOSS (eV) 


95 100 


FIG, 7.--L, 3 results for Si in various com- 
pounds. Edge shifts to higher energies for 
stronger oxidation of Si. In SiO result, pre- 
edge ramp of intensity is expanded to show 
that onset energy is not the same as that for 
bulk Si. Thus SiO material in this example 
did not contain islands of bulk Si. These 
spectra were used to deduce identity of 5nm 
layer of Si2N20 between Si and Si3N, in de- 
vice-related structure. 


trometer, giving essentially 1 electronic state 
per "atom."' For the conditions quoted above, 
of a 0.5nm probe incident on a 5nm specimen, 
only 50 Si atoms are illuminated. Thus the 
differential bulk signal consists of scatter- 
ing involving 50 x 0.035 = 1.75 electronic 
states. The defect scattering involving one 
state will therefore be 50% as large as the 
bulk signal. Therefore a single defect state 
should be observable in the energy loss scat- 
tering. 

Figure 8 shows an example of this behavior 
for the Al/Si(111) interface. Two results for 
the Si Ls; edge are shown: in the bulk Si and 
as close as possible to the interface in a 
cross-section sample originally made for high- 
resolution microscopy of the interface struc- 
ture.?° There are two differences between the 
spectra. First, intensity is present below 
the onset of the absorption edge. This inten- 
sity extends down to about 99.20 eV in energy. 
Second, the peak at 102.6 eV in the bulk ma- 
terial has shifted down to about 102.1 eV. 
These results can be interpreted in terms of 
the metal induced gap states theory for Schott- 
ky barrier formation. That model predicts that 
near the interface, electronic states are 
pulled down out of the Si conduction band to 
form gap states that are capable of pinning the 
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FIG. 8.--Comparison of Si 2p3/2 edge obtained 
at Al/Si(111) interface with bulk Si signal. 
Extra scattering intensity below edge is sig- 
nature of electronic states within gap. Onset 
of scattering may be identified with Fermi 
level pinning point. Local Schottky barrier 
may be deduced from this measurement. 


Fermi level. The onset of scattering in the 
energy loss experiment should be a measure of 
the new position of the Fermi level in this 
case. The "robbing" of the Si conduction band 
for the new gap states results in the observed 
modification of the 102.6eV peak. The differ- 
ence between the bulk onset of the scattering 
at 99.84 eV and the interface onset at 99.20 
eV should give the Schottky barrier height for 
a metal on a p-type Si substrate. The mea- 
sured value is thus 0.64 eV, which agrees 
nicely with the bulk measurements which lie in 
the range 0.55-0.70 eV. A detailed account of 
this work will be published.” 


Prospects for the Future 


These results are still preliminary. Toa 
large extent, the statistical accuracy and en- 
ergy resolution are still improving. The above 
spectra were acquired over a space of about 5 
years, with the statistical accuracy being a 
fairly good gauge of the age of the result. 
Spectra obtained in 1984 with several hours of 
serial acquisition (e.g., the amorphous carbon 
example in Fig. 5) may be obtained today in 
minutes with a better energy resolution (e.g., 
the graphite spectrum, also in Fig. 5). At the 
same time, analyses of the possible scattering 
intensities and instrumental capabilities sug- 
gest that another factor of 100 in performance 
should be achievable. Thus we may expect to be 
able, inthe future, to obtain sub-0.leV resolu- 
tion spectra in seconds. This performance 
would allow many spectra within 0.1-10 nm of 
interesting structures. These spectra would be 
of sufficient quality to rival optical absorp- 
tion spectra obtained today in bulk specimens. 
Truly atomic resolution probes of the electron- 
ic properties of buried structures will be the 
result. 
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DETERMINATION OF ELECTRONIC PROPERTIES OF DEFECTS IN 
SEMICONDUCTORS BY CATHODOLUMINESCENCE 


J. L, Batstone 


Electron-beam excitation of carriers across 
the band gap in semiconductors can be per- 
formed within the electron microscope. De- 
tailed spectroscopic information can be ob- 
tained from defect states related to both im- 
purity species and crystallographic defects 
such as dislocations. Results are presented 
from an in situ transmission electron micro- 
scope and cathodoluminescence study of epitax- 
ial films of ZnSe grown on GaAs. Low-tempera- 
ture (< 100 K) luminescence at 2.60 eV, and 
quenching of exciton luminescence (2.79 eV), 
have been correlated with the presence of dis- 
locations. The dependence of spectral line- 
shapes and intensities on temperature and ex- 
citation energies is described, 

Generation of electron-hole pairs with an 
electron beam results in carrier recombination 
that can occur either nonradiatively via pho- 
non mechanisms or radiatively with the emis- 
sion of a photon, resulting in cathodolumines- 
cence (CL). Spectral analysis of CL can yield 
information about characteristic energy levels 
present in the material. Radiative transitions 
in semiconductors can be divided into two 
classes, (i) intrinsic and (ii) extrinsic. 
the absence of defect states in the band gap 
Eg, intrinsic recombination is dominated by 
forming Mott-Wannier type free excitons (FE) 
via coulombic attraction.+ The subsequent ra- 
diative emission can be expressed as 
hv = Ey - EY. 
where Ex is the exciton ionization energy. 

In general, CL from real materials is dom- 
inated by extrinsic recombination mechanisms 
as a result of states associated with donors, 
acceptors, and native defects. Information 
about these impurity states is of prime impor- 
tance for the optoelectronic device industry. 
Extrinsic states are classified as shallow or 
deep, where shallow levels have transition en- 
ergies close to Eg and can be described by ef- 
fective mass theory with reference to the hy- 
drogen atom. Deep levels are frequently highly 
localized with ionization energies in excess of 
200 meV below Eg. 

In the presence of impurities, bound exci- 
tons (BE) can be formed with recombination 
characterized by narrow emission lines of en- 


ergy 


In 


(1) 
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hv = E. - EY - ES (2) 
where Ep is the binding energy of the exciton 
to the impurity atom. In addition, excitons 
can bind to crystallographic defects such as 
dislocations. Exciton coupling to the crys- 
tal lattice can occur via electron-phonon in- 


teraction. Clearly resolved spectral peaks 
can be observed with energy 

hv = ee - EY - Ey - ne. (3) 
where Ep is the energy of the emitted phonons 


and m is the number of phonons emitted. An 
understanding of exciton behavior in semicon- 
ductors is crucial for the identification of 
CL spectra. The above brief introduction al- 
lows identification of many luminescence fea- 
tures observed in ZnSe, a II-VI semiconductor. 

Interest in the II-VI compounds can be 
roughly classified into two separate areas. 
Wide-band gap II-VI materials (e.g., ZnS, 
ZnSe) are of use as the active optoelectronic 
medium in thin-film electroluminescent dis- 
plays, where control of dopants can allow blue 
room temperature emission to be realized. 
Narrow-band gap II-VI materials (e.g., CdTe, 
CdHgTe) are of interest for infrared detector 
devices and are not considered in detail here. 

Epitaxial thin films of ZnSe can be grown 
on a variety of substrates by low-temperature 
epitaxial techniques such as molecular beam 
epitaxy and metal organic chemical vapor dep- 
osition (MOCVD). Examination of MOCVD ZnSe 
layers grown on glass, GaAs, Ge, and ZnSe re- 
vealed GaAs as the best choice of substrate.? 
Radiative recombination in ZnSe/GaAs(100) was 
dominated by donor-bound exciton transitions, 
denoted in this paper byD°X. Growth of ZnSe 
on GaAs occurs with a lattice mismatch of 
0.028%. Heteroepitaxial systems frequently 
contain high densities of crystallographic de- 
fects such as grain boundaries, stacking 
faults, and twins. Previous work has shown 
that relief of lattice strain in ZnSe/GaAs 
films occurs via misfit dislocations in Al- 
doped layers and via stacking faults in un- 
doped layers .? 

Excellent spectroscopic analysis of semi- 
conductors can be performed by photolumines- 
cence (PL) with laser excitation used for car- 
rier excitation. However, PL is performed on 
bulk samples and can yield only limited infor- 
mation about the spatial distributions of lun- 
inescent features. A clear advantage of CL is 
the ability to obtain microscopic information 
about defect distributions by conventional 
electron microscopy techniques in conjunction 
with in situ CL collection optics. CL is used 
in the SEM (as extensively reviewed") where 


AL-DOPED (TEAL) 5.5 x 1026cm73 
n-TYPE GaAs SUBSTFATE 


PW989(B) 


FIG. 1.--(a) Bright~field image (g = 220) of stacking faults in Al-doped ZnSe; (b) CL image at 
300 K at 2.69 eV showing quenching. 
FIG, 2.--(a) CL image at 300 K at 2.69 eV; (b) bright-field image (g = 220) of extended stacking 
fault. 


large specimen chambers provide space for ef- 
ficient light-collection optics and allow li- 
quid helium cooling of specimens to <10 K. 
Disadvantages of SEM-CL include no direct im- 
aging of defects which affects CL contrast and 
yields poor spatial resolution. Resolution in 
a CL image can be expressed as 

d = 


(rsa a i (4), 


p 
where dp is the electron probe diameter, dg is 
the generation volume, and dj is the minority 
carrier diffusion length.° In thin foils suit- 
able for TEM, both dg and dj are reduced; dg 
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is truncated and dj is restricted to the thick- 
ness of the foil. Significant improvements in 
resolution are observed in the TEM but surface 
recombination becomes an increasingly dominant 
parameter. For high surface recombination ve- 
locities, excess carrier recombination process- 
es can be limited by carrier diffusion to sur- 
faces where nonradiative recombination due to 
band-bending and surface states can occur. 

This limitation results in an effective diffu- 
sion length proportional to the film thickness 
t and an improvement in spatial resolution. 
This improvement must be balanced against an 
overall decrease in CL intensity, which can 


vary as tN with n = 2 for surface-recombina- 
tion-limited emission. Thus TEM-CL involves a 
compromise between optimum spatial resolution 
and high CL intensities. The use of a TEM-CL 
system to determine electronic properties of 
dislocations are described next. 


Expertmental 


Epitaxial films (v2 ym thick) of ZnSe/ 
GaAs(100) grown by MOCVD with use of dimethyl 
zinc and hydrogen selenide were examined in a 
CL system implemented on a Philips EM400 in 
the H. H. Wills Physics Laboratory, University 
of Bristol. Specimens suitable for TEM analy- 
sis were prepared by chemical polishing in 
C1,/CH;0H to remove the GaAs substrate locally. 

The design and construction of the CL system 
has been described previously.* A small re- 
tractable ellipsoidal mirror is inserted above 
the specimen in the TEM to collect CL excited 
by the electron beam. The light is focused by 
a series of mirrors and quartz lenses onto the 
entrance points of a Bentham M300 monochroma- 
tor, modified’ to direct light onto (a) a $20 
photomultiplier (PM) for integrated CL, imag- 
ing and linescans, (b) a RCA PM with GaAs pho- 
tocathode operated in single photon counting 
mode for spectrum acquisition and wavelength 
selective imaging in the range 300-900 nm, or 
(c) a cooled North Coast germanium photodiode 
for analysis in the range 0.9-1.8 um. A Link 
Systems 860 Series II dedicated minicomputer 
is used for software control of the spectrome- 
ter drive, TEM scan coils, and data storage. 

A continuously pumped liquid He specimen stage 
allows CL measurements to be performed between 
30 and 300 K.° 


Results 


Room-temperature CL. The quality of wide- 
band gap materials can be assessed by measure- 
ment of the ratio of intensities of shallow 
(band edge) to radiative deep level emission R. 
For Al-doped ZnSe (n = 2 x 10*°-4 x 10+” cm™3) 
band edge emission dominates and a single broad 
emission line is observed at 2.69 eV, which 
shows excitonic character? resulting in blue 
room temperature emission of promise for elec- 
troluminescent displays. However, CL imaging 
of ZnSe specimens frequently revealed black 
spots. Electrically and optically active de- 
fects are obviously undesirable in device ma- 
terial. 

Figure l(a) shows a TEM image of stacking 
faults and dislocations in Al-doped (n = 3 ~x 
107° cm73) ZnSe of thickness 10.5 um (after 
etching). The corresponding CL image (Fig. 
l(b) corresponds to monochromatic imaging by 
use of the 2.69eV spectral line at 300 K. 

Black contrast due to stacking faults and dis- 
locations is seen and examples of correlations 
between black spots and defects have been 
marked. The majority of the stacking faults 
show bright-field diffraction contrast indica- 
tive of overlapping faults and multiple partial 
dislocations. In order to distinguish between 
the effects of partial dislocations and the 


CL INTENSITY 


"alg eV 


FIG. 3.--Spectrum at 35 K and 120 kV from Al- 
doped MOCVD ZnSe/GaAs. 


stacking faults on CL contrast (quenching at 
defects), a long extended stacking fault was 
studied. Figure 2(a) shows the CL image at 
300 K associated with the fault shown in Fig. 
2(b). The magnifications of the two images are 
approximately equal and the dislocations la- 
beled (1-9) are correlated with darker regions 
in the CL image. No variation in CL contrast 
was observed from the stacking fault ribbon 
alone indicating only the partial dislocations 
were electrically alive. This result is in 
agreement with electron-beam-induced current 
observations of stacking faults in silicon.?? 


Low-temperature CL. Low-temperature CL and 
PL measurements reveal information about dis- 
crete defect energy levels in the band gap 
which are normally thermalized at 300 K. Where- 
as PL measurements can be obtained at 4.2 K, CL 
measurements depend on the temperature T which 
can be obtained in the electron microscope by 
use of a specially designed He stage. In this 
work, CL measurements were performed in the 
range 30-300 K. The lower limit (30-35 K) was 
determined from parallel PL studies on vapor- 
phase epitaxy InP in the temperature range 5- 
75 K.1} The variation in full width half maxi- 
mum (FWHM) of the D°X transition as a function 
of T was used. Confirmation of the lower limit 
was obtained from CL from Si and a determina- 
tion of the excess carrier distribution effec- 
tive temperature yielded Te = 33 K.?} 

Figure 3 shows a spectrum obtained from Al- 
doped MOCVD ZnSe/GaAs at 35 K and 120 V. The 
peak at %2.795 eV is due to recombination of 
the Al DOX. The peak appears broad, FWHM = 9 
meV, presumably as a result of inter-impurity 
interactions. A lower energy peak at 2.779 eV, 
FE (ls-2s) was identified as radiative recom- 
bination of free excitons (FE) with simulitane- 
ous inelastic scattering of shallow neutral 
donors.** The line lies close to (1s-2s,p) be- 
low the FE energy gap for Cl and represents 
relaxation from the FE bottleneck with inelastic 
scattering at neutral Cl donors relaxing momen- 
tum selection rules. Longitudinal optical (LO) 
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FIG. 4,--Monochromatic CL images at 2.69 eV; (a) 35 K; (b) 45 K; (c) 70 K; (d) 100 K; (e) TEM 
image of dislocations at crack tip; (f) CL image at 2.79 eV. 


phonon coupling is observed with a peak occur- obtain both CL and TEM information from exactly 
ring at 2.742 eV, 35 meV below the FE (l1s-2s) the same region of the specimen simultaneously. 
transition. The line at 2.602 eV, labeled Y, Figure 4 shows monochromatic CL images from 

is particularly characteristic of epitaxial ZnSe; at 35 K, local exciton quenching is ob- 
ZnSe. Previous work®*?? has shown correla- served at 2.79 eV (Fig. 4f), which corresponds 
tions between regions of Y emission and dense to a tangle of dislocations occurring at a 
dislocation networks. A particularly valuable crack tip (Fig. 4e). CL images obtained at 
feature of in situ TEM-CL is the ability to 2.6 eV show localized regions of Y emission in 
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FIG, 5.--Temperature dependence of Y emission. 
FIG, 6.--FWHM dependence with T of Y emission. 


106 7 
D°x 
> 
SS 
w 
2 40° 
F 
= 
Cc Y 
- 
4 
a 40 
tu 
= 
Zz 
10° 
1079 1078 4077A 


BEAM CURRENT 


FIG. 7,--Excitation dependence for Y and D°X emission. 


the vicinity of the dislocations, Fig. 4(a)-(d). 
The spatial distribution of this emission varies 
markedly with increasing T, until at 100 K, 

the radiative transition Y is thermally 
quenched, From an analysis of spectral peak in- 
tensities, it is possible to extract activation 
energies Eg for thermal dissociation, from em- 
pirical expressions of the form 


I = A exp (E,/k,T) 


where I is the peak intensity and A is a con- 
stant. Figure 5 shows a plot of intensity 
against 103/T for Y emission from which an acti- 
vation energy of 57 meV is obtained. Data from 
the temperature dependence of a spectral feature 
can enable the identification of a particular 
transition species. Y emission lies %220 meV 
below Eg. It has been suggested’? that Y emis- 
sion arises from FE recombinations in the vicin- 
ity of an impurity or defect, which experience 
simultaneous excitation in an inelastic scatter- 
ing event, in a manner analogous to FE-(l1s-2s). 
If this interpretation is correct, a spectral 
analysis of T dependence, lineshapes, and exci- 
tation dependences should reveal excitonic be- 
havior. FE lines occur at %20 meV below Eg, 
which means that an impurity/defect localization 
energy of 200 meV is involved if Y is an exci- 
tonic complex. 

For strongly localized centers the FWHM tem- 
perature dependence of a spectral line can be 
expressed as** 


(5) 


FWHM = 4(In 2)*/? (Stw/k,T)*/? (6) 
where S is the Huang-Rhys factor obtained from 
a configurational coordinate model and hw is the 
vibrational energy associated with the excited 
state of the luminescence center. Figure 6 
shows the FWHM behavior as a function of YT for 
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Y emission. At 70-100 K, saturation of the 
FWHM broadening occurs which is not character- 
istic of a "deep" configurational coordinate 
center and suggests that Y emission is consis- 
tent with shallow band edge recombination. 
Another method for determination of recombi- 
nation mechanisms available in the TEM is the 
measurement of CL excitation dependences. Ex- 
perimentally, the steady state CL intensity 
Icy, varies as 
IT «i, (7) 
where ip is the beam current. Values of n can 
vary from n = 0 (saturation) to n= 1-2. For 
high injected current densities, high values of 
n can be obtained indicating the onset of stim- 
ulated emission. Different recombination 
routes have different lifetimes; hence the ex- 
citation dependence is expected to be different 
for different mechanisms. Figure 7 shows var- 
iations in integrated CL intensities as a func- 
tion of beam current for D°X and Y emission 
bands, so that n can be obtained from the gra- 
dients. Both D°X and Y show very similar ex- 
citation dependences with n = 1.1 suggesting 
that Y may be excitonic in nature. 


Diseusston 


The above results have illustrated some of 
the complex features of CL recombination in the 
vicinity of crystal defects. Exciton quenching 
is commonly observed (e.g., Figs. 1, 2 and 4e) 
and can be explained in terms of exciton disso- 
ciation in the presence of dislocation electric 
fields. Local electric fields arise at dislo- 
cations due to (i) core effects and (ii) long- 
range strain effects. The former are due to 
states within Eg that can be occupied by car- 


riers from Ey or E,-. An electron (or hole) is 
localized in [2-D] in the dislocation band and 
ionization turns the dislocations into charged 
lines. A Coulomb field is produced that is 
screened within a cylinder of radius Ap, which 
is the characteristic Debye screening length 


eeg kpT 1/2 
A, #{—- 8 
PD \aNy > a) 


where € = 8.84 for ZnSe. For the Al-doped sam- 
ple shown in Figs. 1 and 2 (n = 3 x 107° cm73), 
Ap = 650 A at 300 K, compared with the Fe ra- 
dius .40 A. Dislocations in ZnSe are known to 
be charged?° and the electric fields due to 
both core effects and long-range strain fields 
due to deformation potentials and piezoelectric 
effects influence recombination. In addition 
to electric field dissociation of excitons at 
dislocations, attraction of excitons to charged 
crystal defects could occur followed by non- 
radiative recombination and thus apparent exci- 
ton quenching. 

In addition to nonradiative behavior at de- 
fects, characteristic dislocation emission at 
2.6 eV is observed in ZnSe that appears to be 
excitonic in nature. Radiative emission from 
dislocations has previously been observed by PL 
in bulk plastically deformed crystals of Si,*® 
CdS,+”? and ZnS.1° Radiative emission has also 
been observed from dislocation loops in ZnTe,*? 
from point defects in mechanically damaged GaAs 
and InP,?° and from individual dislocations in 
diamond.° In ZnSe, Y emission is observed from 
both individual dislocations and complex tan- 
gles;** however, not all dislocations are lum- 
inescent and there is strong evidence that an 
association of impurities with the dislocations 
results in Y emission. The 2.6eV emission line 
lies relatively deep in the band gap but exhib- 
its anomalously low phonon coupling. Phonon 
coupling is usually expected to increase with 
increasing localization of the center. The 
mode 1+? proposed for recombination at extended 
defects explains some features of Y emission. 
Transitions involving electronic states on dis- 
location loops with N nearly equivalent binding 
sites per loop due to kinks, jogs, points of 
dissociation, precipitation, or other form of 
dislocation perturbation were proposed. Small 
changes in environment between sites within a 
loop or between loops could lead to the ob- 
served inhomogeneous broadening of no-phonon 
lines. Recombination can thus involve centers 
with binding potentials distributed on extended 
defects enabling the center to become delocal- 
ized even though 2.6 eV lies relatively deep in 
the gap. Exciton emission in the vicinity of 
dislocation is affected by the presence of 
clouds of impurities and precipitates. The 
elastic strain around dislocation produces a 
Cottrell atmosphere where the total energy of 
the crystal may be reduced by an impurity small- 
er than the host lattice constituents occupying 
an atomic site in the compression region around 
a dislocation. Clouds of impurities can thus 
accumulate around dislocations. Electrically 
and optically active point defects and impurity 
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clouds affect the dislocation elastic strain 
field and result in perturbations in the lum- 
inescence around the dislocation. 


Cone luston 


The optical activity of dislocations in 
epitaxial films of ZnSe/GaAs has been demon- 
strated with in situ TEM-CL. Dislocation lun- 
inescence has been observed at 2.60 eV that 
appears to be excitonic in nature. Exciton 
quenching is frequently observed in the vicin- 
ity of dislocations and stacking fault partial 
dislocations. 
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THE USE OF FOCUSED HEAVY-ION BEAMS FOR SUBMICROMETER IMAGING MICROANALYSIS 


R. Levi-Setti, J. M. Chabala, C. Girod, P. Hallégot, and Y. L. Wang 


We have repeatedly reported in this forum up- 
dates about the development of a high-resolu- 
tion scanning ion microprobe (UC SIM) and its 
application to the imaging microanalysis of 
materials.'°* This instrument, which used the 
method of secondary ion mass spectrometry 
(SIMS) to obtain chemical information of a sam- 
ple surface, is capable of focusing a 40keV 
heavy-ion probe (typically Ga* extracted from a 
liquid metal ion source) to a spot as small as 
20 nm in diameter. In addition to the above 
references, our progress in micro-SIMS over the 
past five years has been described in over 21 
topical publications and 14 review articles 
that cover instrumental aspects, methods, and 
numerous interdisciplinary studies. A few of 
the most comprehensive papers are referenced 
here.°>~’ They also contain appropriate mention 
of the relevant literature on the subject. It 
would be repetitious and inadequate to under- 
take within these confines an exhaustive dis- 
cussion of the many aspects that the present 
topic entails. Instead, we limit this presen- 
tation to gain some perspective on the utiliza- 
tion of ultrafine heavy ion probes and to dis~ 
cuss some of the issues of current concern in 
imaging microanalysis at high lateral resolu- 
tion. Not to default on tradition, we also 
present several of our micrographs. 


Finely Focused Heavy Ion Probes and Their 
Uttlizatton 


Point-like liquid metal ion sources and con- 
ventional electrostatic lens systems enable the 
extraction and focusing of heavy metal ion 
probes to diameters in the submicrometer range, 
approaching a practical limit estimated at 10-20 
nn.* In spite of the high brightness of these 
sources, such fine probes carry feeble currents 
(in the pA range at the smallest probe sizes) 
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lending us the Chainpur meteorite sample. The 
biological samples shown in Figs. 2(c) and (d), 
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of probe-size independent current density 
(about 1 A/cm?), resulting from the energy 
spread of the emitted ions and consequent 
chromatic aberration of the optical system.°® 
Probes with these characteristics are general- 
ly adequate for scanning ion microscopy, via 
detection of the ion-induced secondary elec- 
trons.®° A wide range of other applications is 
accessible to these probes in systems where the 
time spent by the probe (dwell time) on a given 
location can be varied at will and its location 
addressed in a controlled manner, by means of a 
digital sweep or pattern generator. In this 
manner, sputter erosion by the probe can be 
used for the fabrication of microstructures 
(maskless focused ion beam lithography), and 
the emission of secondary ions can be exploited 
for imaging purposes (as for secondary elec- 
trons) or to perform chemical analysis of sur- 
faces by SIMS. In the latter mode,mass spectra, 
depth profiles, or high-resolution images of the 
surface elemental distribution (elemental maps) 
can be obtained, where the depth of material 
being probed in a given time (and by a given 
probe current ) is proportional to the area 
over which the probe is swept. For example, a 
typical analytical scan (500 s) with a 40keV, 
10pA Ga* probe 35 nm in diameter (as with the 
UC SIM) may remove on the order of one 
monolayer of surface material when scanning an 
area of say, 100 x 100 um’, or some 100 mono- 
layers for an area 10 x 10 um*, corresponding 
to a volume of about 1 ym* containing approx- 
imately 10++ atoms. These figures set the 
stage for the discussions to follow, concerning 
the limits of sensitivity and lateral resolu- 
tion of SIMS imaging microanalysis and the 
problems associated with quantitation in the 
submicrometer domain. 


Analytteal Lateral Image Resolution 


With a scanning probe, analytical image 
resolution (edge definition) can, in principle, 
be made to match the probe size, provided suf- 
ficient statistics of detected counts are 
available. As previously shown,*»° this pro- 
viso is met for partially overlapping probe 
spacings, when the change in signal across a 
compositional step is imaged with statistics 
excess of one count/probe setting. However, 
several sample-dependent factors, of instru- 
mental and physical origin, sometimes prevent 
this best case condition from occurring.® In- 
strumental limitations arise from the behavior 
of chromatic-aberration-limited probes, as men- 
tioned above, and from the overall imperfect 
collection and transmission efficiency of the 
SIMS system. These factors constrain the use 
of the smallest probes, which lead to sputter 


in 


rates that are inadequate for the generation 
and collection of sufficient count statistics. 
Physical limitations include the ion yield, 
which is strongly species-dependent; the ele- 
mental concentration; and ultimately the size 
(10-20 nm) of the lateral spread of the colli- 
sional cascade responsible for secondary ion 
emission.*° Attainable analytical image reso- 
lution is inextricably related to analytical 
sensitivity, a well-known trade-off. With ref- 
erence to the above numerical example, and as- 
suming a SIMS detection efficiency of 2 x 1073 
(a realistic estimate for the quadrupole system 
of the UC SIM) combined with an ion yield 

of 0.1 (a relatively high figure) and unity 
concentration, out of the originally sputtered 
107? atoms only 2 x 10’ ions would be counted. 
In a typical map with 2.5 x 10° pixels (512 x 
512) picture elements (pixels), on average ap- 
proximately 80 counts/pixel would be available. 
This figure implies that only elemental concen- 
tration steps in excess of 1% could be detected 
with probe-size resolution, and that the edge 
definition would have already degraded to four 
times the probe size for a 0.1% step.° Of 
course, this is still an optimistic estimate: 
relatively few elements (the alkali, the halo- 
gens, and a few others) have ion yields in ex- 
cess of 0.1 (unless special measures are taken 
to enhance the ion yield). In many cases, the 
ion yield may be as low as 107°-10-*, in which 
case, even for major components, it may be dif- 
ficult to attain probe-size resolution at the 
35nm level considered in this example. If the 
probe diameter were increased to 100 nm, the 
sensitivity limits for probe-size resolution 
would improve by a factor of ten. 

What emerges from the above considerations is 
an important, unconventional concept: SIMS im- 
age resolution is not a constant of the instru- 
ment, but may vary over a wide range, depending 
on the ion yield and concentration of a partic- 
ular element or molecular species, and the time 
spent on acquiring an image. 
circumstances may the limiting image resolution 
approach the probe size. This conclusion also 
implies that, on a species-dependent basis, it 
may be advantageous in terms of attainable in- 
age resolution to operate the microprobe with 
a spot size larger than the minimum possible 
for the instrument. 

In this context, nature sometimes may come 
to the rescue by providing an incentive for the 
use of the smallest probes: elemental segrega- 
tion may cause local concentrations, otherwise 


Only in particular 


too diluted in the bulk, to exceed the threshold 


for maximal image resolution. Two examples of 


this kind of occurrence are presented in a later 


section. 


Microquantttatton 


The extraction of quantitative microanalyti- 
cal information from submicrometer areas with a 
heavy-ion probe presents novel problems whose 


solution rests heavily on computer-aided methods 


of probe positioning and image analysis. Point 
analysis is impractical: with a stationary 35nm 
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probe as in the previous example, a microhole 
would be drilled into a sample at a rate of 
several microns per second, and its aspect ra- 
tio would rapidly prevent the escape of the 
secondary ions. In addition, the positioning 
of the probe to submicrometer precision (an 
operation that necessitates some form of elec- 
tronic beam control) would alone require the 
pre-existence of a digitized image of the re- 
gion of interest. Therefore, imaging micro- 
analysis (the acquisition of chemical maps) and 
the subsequent analysis of the acquired images 
are essential for submicrometer chemical char- 
acterization. Two procedures can be adopted 
for this task, based on the use of an image- 
processing system capable of both acquiring 
digitized image information and controlling the 
probe positioning. In one approach, intensity 
data for a submicrometer detail can simply be 
read out of the image matrix acquired over a 
much larger sample area. When that is done, 
problems of secondary-ion escape from deep 
craters are avoided, and the retrieved informa- 
tion is known to originate from a well-defined 
depth of erosion in the sample. In the second 
approach, a preliminary map is rapidly ac- 
quired, and the probe is then directed (vector 
or region scan) to complete the analysis of 
preselected details over a depth controlled by 
an appropriate dwell time. This procedure is 
more fully described in an accompanying contri- 
bution in this volume.++ 

The above functions are performed with the 
UC SIM by use of the auxiliary instrumentation 
and computer facilities schematized in the 
block diagram of Fig. 1. The beam blanker, 
consisting of a deflection octupole inserted 
in the primary optical column upstream of a 
beam crossover, is used in conjunction with the 
region scan function. The digital image pro- 
cessor is a Kontron IBAS system supplemented 


FIG. 2.--SIMS elemental distribution images of interior of Chainpur meteorite chondrule, 40 keV 


Gat probe, scale bar 20 um, (a) *7A1*, (b) °?Cr*; 


and SIMS images of fixed, resin-embedded thin 


section of rat kidney, after in vivo administration of In in soluble form, scale bar 10 um, 


(c) ESCN=: (d) uae bs hae 


with a microprobe scan interface.” 
Parallel Multtelement Analytteal Imaging 


A shortcoming of RF quadrupole mass filters, 
which becomes particularly vexing in the analy- 
sis of submicrometer structures, is their in- 
ability to yield parallel multielement mass in- 
formation, as time of flight or magnetic spec- 
trometers can. Thus, correlative mass-resolved 
imaging generally requires sequential scans. 
Unfortunately, submicrometer structures or pre- 
cipitates in a complex matrix, and particulate 
matter, may be sputtered away after just one 
scan. Some form of parallel readout of more 
than one mass-resolved image during the first 
scan is highly desirable. Further motivation 
for this requirement stems from two more con- 
cerns. Highly insulating samples, even if 
coated with a layer of gold, sometimes prevent 
sequential acquisition of SIMS images due to 
charging effects. Furthermore, multielement 
parallel image readout always provides perfect 
registration of images to be superposed for 


correlative purposes, even when systematic dif- 
ficulties such as stage drift would render such 
registration problematic. In view of these re- 
quirements, a scheme for RF quadrupole control 
during image acquisition was devised for the 

UC SIM, which effectively permits the simulta- 
neous acquisition of more than one mass-re- 
solved image during a single scan. This inno- 
vation is also described in detail, with ex- 
amples, in our accompanying contribution.*? 

By means of a "mass peak switcher," con- 
trolled by the image processor as indicated in 
Fig. 1, the quadrupole is retuned (<100 us) 
during each raster line retrace. The result is 
an interlaced image for two or more distinct 
SIMS species, which is then unscrambled into 
separate mass-resolved images by image proces- 
sing. These images, of reduced line resolution 
(raster size 526 x 256 for two masses), have 
the advantage, over those generated by sequen- 
tial scans, of having originated from the same 
depth in the sample. By careful dosage of the 
dwell time, it is then possible to derive 
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FIG. 3.--SIMS distribution maps of *°CN” in various biological tissues. 


(a) Resin-embedded thin 


section of rat lung blood vessel, scale bar 10 um; (b) resin-embedded thin section of rat 


thyroid, scale bar 10 um; (c) resin-embedded thin section throu 


gh labial palp of Mytilus edulis, 


scale bar 2 um; (d) interior surface of ethanol-dried egg shell, scale bar 5 um. 


multielement mass information even from shallow, 
minute sample structures. 


Examples of Analytteal Imaging 


After the preceding discussion, advocating 
the use of computer-aided techniques in SIMS 
imaging, it is somewhat of an anticlimax to 
present images in black and white. In fact, 
the bulk of our SIMS imaging work over the past 
two years has relied on image processor analy- 
sis and is best presented through color-coded 
images, much as described in a recent publica- 
tion by Newbury et al.'* However, until the 
publishing trade finds the means to upgrade its 
standards, to keep pace on a routine basis with 
recent trends in microbeam analysis, we must 
revert to the conventional methods of presenta- 
tion of analytical imaes. 

Two examples from disparate fields (Fig. 2) 
illustrate the concept, discussed above, that 
elemental segregation may help bring low ele- 
mental bulk concentrations to levels sufficient 
for high-lateral-resolution imaging. In one 
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glassy matrix that cements together large oli- 
vine crystals, as well as dendritic pyrocene 
precipitates, which appear black in this image. 
A matching map of 52cr+ is shown in Fig. 2(b). 
The Cr appears concentrated in a few crystal in- 
clusions at the bottom of the map, and what is 
more interesting, at the rim of several of the 
olivine crystals, within the glass matrix. 

The definition of these Cr rims is extremely 
sharp, in particular where the intensity is 
highest, and the advantage of using a small 
probe size, even of low intensity, if fully ex- 
ploited, in a situation where the average Cr 
concentration would not allow the attainment 

of good edge definition. 

The second example of Fig. 2 (Fig. 2c and 
d), stems from biological microanalysis and is 
part of an investigation of the absorption of 
toxic metals by test animals. In this case the 
case (Figs. 2a and b), the sample is the same 
stone meteorite (Chainpur) whose origins and 
composition were described in our 1988 MAS 
presentation.* Here the interior of a chondrule 
is summarily described by the *’Al+ map of 
Fig. 1(a), where the Al-rich areas represent a 


FIG. 4.--Cubic monosize AgBr photoemulsion crystals, with AgIBr layer buried beneath surface, 


scale bar 5S um. 


(a) ,(b) corresponding, sequential images of surface topography (secondary ions) 


and of Ag distribution; (c),(d) corresponding, sequential distribution images of °Br- and 


1377- 


tissue is a conventionally fixed, resin-embed- 
ded section of rat kidney, following administa- 
tion to the animal of In in soluble form. The 
two corresponding maps show the distributions 
of CN and In, respectively. The copious  CN7- 
signal originates dominantly from proteins and 
provides detailed information of tissue his- 
tology. In this case (Fig. 2c), the morphology 
of part of a glomerulus is clearly outlined in 
the lower left corner, surrounded by proximal 
tubules, several cell nuclei of which are dis- 
cernible. The In map (Fig. 2d) shows well- 
defined rounded inclusions, 0.5-3 um in size, 
which correlate with the cytoplasm of the tu- 
bule cells. Their location in the CN map is 
indicated by a slight intensity enhancement. 
In praise of the black-and-white reproduction, 
we note that such detail would be lost ina 
color-coded superposition. To dwell further 
on the value of CN mapping in the description 
of the protein distribution in soft biological 
tissue, Fig. 3 contains an assortment of tis- 
sures viewed in rather stunning detail through 


this approach. The selective, often pinpoint 
concentration of foreign elements such as Be, 
F, Cr, Ag, I, as well as of tracers such as 
1%c, 5N, and **Ca in a number of tissues can 
be easily detected and localized. 

Finally, we present in Fig. 4 images of two 
spreads of photoemulsion silver halide grains, 
from a systematic study of model engineered 
crystal structures.** These cubic monosize 
AgBr grains, 0.8 um in size, contain a layer 
of AgIBr buried at a shallow depth beneath the 
surface. It is a challenge to map the distri- 
bution of several elements by sequential scans 
in these fragile structures: this task calls 
for the use of the parallel mass imaging ca- 
pability implemented in our instrument by the 
peak-switching technique, to obtain isodepth 
multielement images prior to the destruction 
of the object. Results obtained by this ap- 
proach for the same sample are shown in our ac- 
companying contribution.’? In any case, by 
carefully adjusting dwell time dosage, we were 
able to obtain the two sets of sequential images of 
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Fig. 4, representing respectively the topog- 
raphy (Fig. 4a) with the corresponding Ag dis- 
tribution (Fig. 4b) forone set, and the Br (4c) 
and I (4d) distributions for another. The ex- 
istence of a buried I layer is proved by the 
square rings, tentatively outlined in the low- 
statistics image of Fig. 4(d). This set of se- 
quential images could only be obtained thanks 
to the low probe-current of our high-resolution 
scanning ion microprobe, which proves that the 
trade-off of sensitivity for resolution occa- 
sionally has its rewards. 
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Microprobe Analysis in Medicine 


X-RAY MICROANALYSIS IN THE STUDY OF CYSTIC FIBROSIS 


G. M. Roomans 


Cystic fibrosis (CF) is the most common congen- 
ital hereditary disease among Caucasians. The 
main clinical symptoms are chronic obstructive 
lung disease and pancreatic insufficiency. 
Although the basic defect underlying the dis- 
ease is not known, there is strong evidence 
that an error in the regulation of transepi- 
thelial chloride transport is of primary im- 
portance for the etiology of the disease. Al- 
so, many cell types and secretory products in 
CF patients show abnormally high levels of cal- 
cium. It is not clear whether this abnormality 


is secondary to the abnormal chloride transport, 


or whether the reverse holds. Since abnormal 
ion transport and ion distribution clearly 
play a central role in CF, electron-probe x-ray 
microanalysis appears a suitable technique to 
elucidate a number of questions related to the 
disease. X-ray microanalysis has been used in 
the diagnosis of CF, in the analysis of cells 
and tissues from CF patients, and in the analy- 
sis of cells and tissues from "animal models" 
for UF. 


Diagnosts of CF by Electron-probe X-ray Mtcro- 
analysis 


The conventional way to diagnose CF is a 
sweat test, in which pilocarpine-stimulated 
sweat from the forearm is collected and its 
chloride content determined titrimetrically. 
However, in some countries, neutron activation 
analysis of nail clippings is used. Analysis 
of nail clippings can also be carried out by 
electron probe x-ray microanalysis:? abnormally 
high levels of sodium and chloride are indica- 
tive of CF. We have found this method suitable 
for diagnosis in cases where patients lack easy 
access to a hospital with experience in the 
conventional sweat test. 


X-ray Microanalysis of Cells and Tissues from 
CF Pattents 


Bronchial epithelium was studied by x-ray 
microanalysis of sections of freeze-substituted 
plastic-embedded bronchial biopsies. In com- 
parison to a control group of patients with 
chronic bronchitis, the goblet cells of the CF 
patients contained abnormally high concentra- 
tion of calcium.? Also, sulfur concentrations 
were increased, whereas potassium levels were 


The author is in the Department of Human 
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S-75123 Uppsala, Sweden. This study was sup- 
ported by grants from the Swedish Medical Re- 
search Council (Project 07125), the Swedish 
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Diseases, and the Swedish Association for Cys- 
tic Fibrosis. 
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relatively low. Increased calcium and sulfur 
levels in the secretory granules of the gob- 
let cells of the respiratory epithelium of CF 
patients were also demonstrated in a study on 
cryosectioned nasal scrapings. # 

We have studied chloride transport in cul- 
tured respiratory cells from CF patients." 
Cell cultures were initiated from nasal 
polyps from CF patients or atopic controls. 
The cells were cultured on membrane filters, 
which were mounted in an Ussing chamber and 
exposed to a variety of stimulants and inhib- 
itors of ion transport. The filters were 
washed with isotonic mannitol to remove the 
culture medium, rapidly frozen, freeze-dried, 
and coated with a conducive carbon layer. 
Analysis was carried out in the scanning elec- 
tron microscope. Under unstimulated condi- 
tions, there is no significant difference in 
elemental composition of CF cells and normal 
cells. However, whereas normal cells react 
to stimulation with beta-adrenergic agonists 
(isoproterenol or cAMP-analogue) with a loss 
of cellular chloride, the chloride content of 
CF cells increased after stimulation. This 
finding would agree with the notion that after 
stimulation, CF cells take up chloride ions 
via the Nat-Kt-2Cl1- cotransport mechanism in 
the basolateral membrane, but do not secrete 
chloride via the apical chloride channel. 
Whether the chloride channel itself or only 
its regulation is defective cannot be ascer- 
tained in this type of experiment. In addi- 
tion, the CF cells appear to be more sensi- 
tive to apical application of amiloride, which 
inhibits the influx of Nat ions. On the other 
hand, the CF cells do not appear to be more 
sensitive to inhibition of the basolateral 
Na*-K*-ATPase with ouabain than the controls. 

Cultured fibroblasts of CF patients have 
significantly higher calcium levels than con- 
trol cells, as was found both by x-ray micro- 
analysis®?® and other analytical techniques.’ 
Fibroblasts are not epithelial cells, but re- 
cent results showing a defective chloride 
channel also in lymphocytes from CF patients® 
points to the possibility that the basic de- 
fect in CF is not restricted to epithelial 
cells but also occurs in cells of mesodermal 
origin. The subcellular distribution of the 
calcium in the CF fibroblasts has not been 
determined with certainty, but there are indi- 
cations that most of the calcium is associated 
with the secretory proteins,” which would be 
in line with the findings of high calcium in 
the secretory granules of goblet cells from 
CF nasal epithelium. 


Antmal Models for CF 


Because of the difficulties in obtaining 
relevant human tissue, and the ethical problems 
associated with experiments on patients, at- 
tempts have been made to produce an "animal 
model" for CF. The chronically reserpinized 
rat was introduced as an animal model for CF 
by Martinez et al.’° because it showed certain 
changes in exocrine gland structure function 
that resembled the pathological changes in the 
CF patients, e.g., an increased calcium con- 
tent of the submandibular gland and of subman- 
dibular saliva. In our studies with x-ray mi- 
croanalysis on the reserpinized rat, we ob- 
served that the local calcium content of the 
intracellular mucus in the acinar cells of the 
submandibular gland of rats had increased after 
treatment for 1 to 7 days with reserpine.*? 
This change explained the increased calcium 
content of the submandibular saliva. In addi- 
tion, the relative amount of mucus in the acin- 
ar cells has increased, which also contributed 
to the increase of calcium in the gland. The 
increase in calcium binding by the mucus may 
be due to reserpine-induced changes in glyco- 
protein composition of the intracellular 
mucus.?* Changes in the total calcium content 
of the acinar cells of the submandibular gland 
were also found in other suggested animal mod- 
els for CF, such as the chronically isopro- 
terenol-treated rat, the chronically pilocar- 
pine-treated rat, and the acidotic rat.++>1° 
Accumulation of intracellular mucus, which is 
the reason for the increased calcium levels, 
can be induced by a variety of treatments; no 
specific mechanism has yet been demonstated.?° 

More recently, we have introduced a differ- 
ent kind of "animal model" for CF. If CF is 
due to an inhibition of transepithelial chlor- 
ide transport, it should be possible to induce 
symptoms resembling CF in experimental animals 
by treatment with drugs that inhibit transepi- 
thelial chloride and water transport. In 
short-term experiments, chloride efflux 
through cAMP-controlled chloride channels can 
be inhibited by alloxan, an inhibitor of adeny- 
late cyclase.’* Chronic treatment of rats with 
furosemide (1 month) causes a significant de- 
crease in salivary flow rate after pilocarpine 
stimulation.+* The treatment also causes ac- 
cumulation of mucus in the submandibular gland 
acinar cells with concurrent increase in the 
cellular calcium concentration. There is some 
jndication of increased obstruction of the 
gland duct with mucus. Also, the calcium con- 
centration in pilocarpine-stimulated submandi- 
bular saliva is slightly increased. This re- 
sult could imply that secondary changes in cal- 
cium transport and localization in exocrine 
cells can be evoked by inhibition of chloride 
and water transport. On the other hand, one 
has to take into account that obstruction of 
the gland duct in itself could lead to some of 
the effects observed.'® Chronic treatment with 
combinations of diuretics (furosemide, bumeta- 
nide, acetazolamide, amiloride) that should 
further reduce fluid transport gave a similar 
or even more pronounced increase of the calcium 
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concentration in submandibular gland acinar 
cells compared to a furosemide alone. How- 
ever, as yet we have not been able to produce 
the severe changes in pancreatic structure and 
function that are typical in CF patients. 
Therefore, long-term (up to three months) 
treatments with diuretics are now being car- 
ried out. A failure of chronic inhibition of 
chloride and fluid transport to induce CF-like 
symptoms in experimental animals might point 
to the possibility that the defective chloride 
transport could be secondary to another, more 
basic defect of CF cells. 


Coneluston 


X-ray microanalysis has been useful not on- 
ly as a diagnostic method for CF, but it has 
also produced valuable information about ion 
distribution in CF epithelial cells. It has 
been shown by x-ray microanalysis that CF is 
associated with a defective chloride trans- 
port, and that in addition some CF cells have 
abnormally high calcium levels. Work on ex- 
perimental animal models has shown that these 
two abnormalities may in fact be coupled. 
However, neither the basic defect, nor the se- 
quence of events leading from the basic defect 
to the clinical symptoms, has been fully elu- 
cidated. 
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EFFECTS OF INJURY ON DISTRIBUTION OF ELEMENTS IN PERIPHERAL NERVE AXONS 


R. M. LoPachin, Joan Lowery, Joseph Eichberg, V. R. LoPachin, and A. J. Saubermann 


The morphological changes in peripheral sciatic 
nerve associated with Wallerian degeneration 
and diabetic neuropathy are well characterized, 
Yet the mechanisms by which these neurotoxic 
processes cause structural and functional defi- 
cits remains to be determined. Several re- 
search groups using electron probe microanaly- 
sis have shown that characteristic distribu- 
tions of elements and water exist in parenchy- 
mal cells.1’* Accumulating evidence from stud- 
ies of non-neuronal cells indicates that fol- 
lowing physical or chemical injury these dis- 
tinct patterns of distribution are lost and 
that this decompartmentalization mediates the 
consequences of injury.+~* Microprobe studies 
have also shown that nerve cell bodies and 
axons exhibit distinct patterns of elemental 
distribution and water content, but how this 
compartmentalization is altered following in- 
jury has not been examined.* Therefore, in the 
present study, microprobe analysis was used to 
determine the distribution of elements (Na, K, 
Cl, and Ca) and water in frozen, hydrated, and 
dehydrated sections of sciatic nerves from dia- 
betic rats and of sections from nerves under- 
going Wallerian degeneration. 


Expertmental. 


Setatte Nerve Injury. Unilateral sciatic 
nerve transection was performed on male 
Spraque-Dawley rats. Animals were anesthe- 
tized with ether and a midthigh incision was 
made. The exposed sciatic nerve was cut with 
a scalpel and the entry wound sutured. For in- 
duction of diabetes, rats were given intraperi- 
toneal injections of streptozocin (60 mg/kg) to 
kill pancreatic beta cells. 


Cryopreparation of Nervous Tissue. At 8 
(n = 4 rats), 16 (n = 6) and 48 (n = 4) h post 
axotomy, rats were sacrificed by decapitation 
and incisions were made to expose the transect- 
ed sciatic nerve. The distal stumps of axoto- 
mized nerves were rapidly frozen in situ by 
means of a pair of liquid nitrogen cooled cop- 
per pliers.’ The control group consisted of 
sham operated (n = 2) and nonoperated (n = 6) 
rats from which frozen midthigh sciatic nerve 
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sections were removed.” At 10 (n = 6 rats) 
weeks following induction of diabetes, rats 
were sacrificed and frozen samples of distal 
sciatic nerve were removed. After 20 (n = 6 
rats) weeks of diabetes, frozen samples were 
removed from proximal and distal sciatic nerve 
as well as from tibial nerve. Comparable re- 
gions were removed from control rats (mn = 6). 
All frozen samples of sciatic nerve were 
stored in liquid nitrogen until analyzed. 


Cryosectioning and Analysts. Detailed de- 
scriptions of the methods used for prepara- 
tion, handling and analysis of frozen sections 
have been published.*~’ Frozen sections of 
control, transected, and diabetic nerve were 
cut at -55 C with a Sorvall MT2B microtome 
equipped with a cryochamber. For frozen sam- 
ples of transected nerves, sections were cut 
at a point approximately 4 mm behind the 
transected face of distal stumps. An evacu- 
ated transfer device was used to transport 
frozen, hydrated sections from the microtome 
to the cold stage of an AMRay 1400T scanning 
electron microscope equipped with a Tracor 
Northern 2100 energy-dispersive system and 
computerized ditigal beam control. 

In frozen sciatic nerve sections from con- 
trol, axotomized and diabetic rats, myelinated 
axons were classified as either small (<3 um), 
medium (3 - 7 um) or large (#7 um) diameter 
fibers. For each type of nerve fiber, elemen- 
tal content and distribution were determined 
in four morphological compartments: mitochon- 
dria, axoplasm, myelin, and extra-axonal 
space. Schwann cell cytoplasm was also ana- 
lyzed. Morphological compartments were visu- 
alized by scanning transmission electron mi- 
croscopy (STEM): the anatomical criteria used 
to identify them have been described and con- 
firmed in a previous study.” Elemental con- 
tent of morphological compartments such as mi- 
tochondria was determined by selected compart- 
ment analysis of 200nm-thick frozen sections. 
Wet weight mass was determined from continuum 
generation rates for hydrated samples. Sec- 
tions were then dehydrated in the column vac- 
uum of the microscope. A specially written 
computer program based on the Hall method® for 
continuum normalization was used to determine 
elemental mass fractions.®°”* Data are ex- 
pressed as mmol element/kg dry or wet weight 
(wt); for each anatomical compartment 40-60 
analyses were performed. 

Digital x-ray imaging was employed to gene- 
rate quantitative maps of elemental distribu- 
tion in nerves from 500nm-thick frozen cryo- 
sections.?°?° A region of section chosen for 
digital imaging was analyzed point by point 
according to a 64 x 64 pixel matrix. Movement 
of the electron beam across the chosen region 


FIG, 1.--Scanning transmission electron micro- 
graphs (STEM; la, c, e) of frozen, unfixed, de- 
hydrated sections from control and transected 
sciatic nerves. Corresponding quantitative 
digital x-ray images for P (1b, d and f) and 
comparative graphs for Na, K, Ca are also 
shown. Each digital image is superimposable on 
the appropriate STEM. Line transecting axons 
in each digital image represents points (pix- 
els) from which comparative data were derived. 
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Data are expressed as mmol element/kg wet weight. 
Figures l(c), (d) show a field of myelinated 
axons (8000x) from frozen section of sciatic 
nerve 16 h after transection. Line transects 
medium and small myelinated axons. Figures 
1(e), (f) show large swollen axon and two 
smaller axons (2400x) from section of sciatic 
nerve 48 h after axotomy. Large fiber is 
transected by comparative line. 


was controlled by computer. In Figs. 1(b), 
(d), and (f) the P digital image is displayed 
and each point or pixel of this image is fully 
quantitative. P is most often associated with 
structure and therefore acts as a background 
for comparisons of Na, K, and Ca distribu- 
tions. The line transecting axons in each 
digital image represents points (pixels) from 
which comparative data were derived. Values 
for Na, K, Ca, and P in these images are ex- 
pressed as mmol element/kg wet wt. One- and 
two-way analyses of variance were used and 
where appropriate, Dunnett's test and a least- 
significant-difference method of multiple 
comparisons were used to determine differences 
among means (p < 0.05). In the following sec- 
tion, only statistically significant changes 
in the concentration of individual elements 
are described for injured nerve. 


Results 


Normal Nerves. Figure 1(a) shows a field 
of small-, medium-, and large-diameter myeli- 
nated axons from a frozen section of normal 
Sciatic nerve. The corresponding digital im- 
age for P indicates the predominant associa- 
tion of this element with myelin (Fig. 1b). 

In addition, the line graph of this figure 
compares the distribution of Na, K, and Cain 
a small-diameter fiber. The high intracellu- 
lar wet weight levels of K and low concentra- 
tions of Na and Ca are clearly evident. Al- 
though not shown, axoplasmic concentrations of 
C1 averaged 44 + 3 mmol/kg wet wt. Our obser- 
vations indicate that regardless of size, all 
axons exhibit comparable wet-weight levels of 
intra-axonal elements. Moreover, our results 
show that axoplasm and mitochondria have simi- 
lar elemental compositions. When elemental 
distributions in axoplasm and mitochondria of 
proximal and distal sciatic nerve sections and 
of tibial sections were compared, a proximo- 
distal decreasing concentration gradient was 
revealed for Na, K, and Cl contents (Table 1). 
In extra-axonal space, Na (115 + 10 mmol/kg 
wet wt) and Cl (100 + 9 mmol/kg wet wt) were 
the predominant elements, whereas in Schwann 
cell cytoplasm, wet weight concentrations of 

P (153 + 10 mmol/kg) and K (109 + 8 mmol/kg) 
were highest. 


Transected Nerves. In this study, frozen 
sections of transected sciatic nerve revealed 
progressive, degenerative changes in axonal 
morphology (Figs. lec and e). These changes 
were Similar to those reported in previous 
studies of axomtomy in which chemically fixed 
tissues were examined.+! Changes in elemental 
distribution associated with axotomy were ob- 
served first in small axons. During the 
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TABLE 1.--Microprobe analysis of axoplasm from 

frozen dehydrated sections of proximal and dis- 
tal sciatic nerve and of tibial nerve from nor- 
mal and diabetic rats. Also shown is the prox- 
imal to tibial decreasing concentration gradi- 

ent in diabetic rats. Data represent mean val- 
ues + SEM and are expressed as mmol element/kg 

dry weight. Number (n) of scans per region of 

sciatic nerve is presented in parenthesis. 


Element 


K cl Ca P 

Proximal Axoplasm 

control (n=47) 2342495 8031442 1.94+0.1 409416 

diabetic (n=31) 16814137**5944+54** 2.4+0.2 422+32 
Distal Axoplasm 

control (n=89) 1914454 688+18 1.2+0.1 402+10 

diabetic (n=89) 1850478 735435 2 4+0.5**423+18 
Tibial Axoplasm 

control (n=75) 1570441 617419 1.9+0.3 319+10 
diabetic (n=114) 2234+62** 794+23**1 8+0.1 468+12** 
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initial 16 h post-transection, small axons and 
their respective mitochondria lost approximate- 
ly 32% of axoplasmic K and Cl, whereas Na lev- 
els increased nearly three-fold. This finding 
is illustrated in Fig. 1(d); the comparative 
line transects a medium and a small fiber and 
the respective data show normal wet weight con- 
centrations of elements in the larger fiber, 
whereas the smaller axon exhibits decreased K 
and increased Na levels, Although axoplasmic 
Ca did not change during the first 16 h post 
axotomy (Fig. 1, line graph), mitochondrial 
concentrations of this element rose 4.5 fold. 
In contrast, medium- and large-diameter fibers 
exhibited increases in dry weight concentration 
of axoplasmic K with no other changes in ele- 
mental content noted. At 48 h post transection 
(Figs. le, f), axoplasm and mitochondria from 
all axons exhibited large gains in both dry and 
wet weight concentrations of Na, Cl, and Ca, 
whereas K levels declined to 20-30% of control. 
Figure 1(f) shows the elemental distribution 
for a large, possibly swollen axon. The com- 
parative line graph of this figure shows the 
remarkable intra-axonal increase in wet weight 
concentrations of Na and Ca coupled with sub- 
stantial loss of K. 

Microprobe analysis of myelin revealed an 
increase in Ca content only, which persisted 
during the 48h experimental period. In Schwann 
cell cytoplasm, dry weight concentrations of K, 
Na, and Cl increased within the first 8 h after 
axotomy and remained elevated throughout the 
experimental period. The extra-axonal space 
exhibited graded increases in the dry weight 
levels of K, Na, and Cl over the 48h experi- 
mental period. 


Dtabette Nerves. At 10 and 20 weeks weeks 
after induction of diabetes with streptozocin, 
few morphological changes were evident in fro- 
zen sections of rat sciatic nerve. Moreover, 
changes in the elemental composition of axonal 
compartments of diabetic nerves were not 


related to fiber size. After 10 weeks of dia- 
betes, axoplasm from frozen sections of distal 
sciatic nerve showed increases in dry weight 
concentration of P (25%) and Ca (42%), whereas 
K levels decreased slightly (14%). In mito- 
chondria, dry-weight K concentration fell 35%, 
and Na and Ca content nearly doubled. 

At 20 weeks after induction of diabetes, 
the proximodistal decreasing concentration 
gradient for Cl and K observed in axoplasm and 
mitochondria of normal sciatic nerve was re- 
versed; e.g., in proximal nerve sections axo- 
plasmic K and Cl concentrations were reduced, 
whereas in tibial sections, the levels of 
these elements were increased (Table 1). 

These changes in elemental distribution were 
evident on both a dry and wet weight basis. 
Increases in mitochondrial P and Ca were also 
noted. Changes in myelin were confined mainly 
to proximal sections, where Na and P levels 
were raised and K levels decreased slightly. 
Elemental content of Schwann cell cytoplasm 
from distal sciatic nerve sections was not al- 
tered in diabetic rats. However, in proximal 
sciatic and tibial nerve sections, Schwann 
cell cytoplasm showed increased dry and wet 
weight concentrations of P and K. 


Cone Lustons 


Electron probe microanalysis has demon- 
strated the highly compartmentalized nature of 
elements and water in normal rat sciatic 
nerve.” Each morphological compartment of 
nerve exhibits a characteristic distribution 
of elements that not only reflects the chemi- 
cal anatomy of that region but also, possibly, 
its function. Further studies with microprobe 
analysis have shown that, following injury, 
the compartmentalization of elements in sci- 
atic nerve is lost and that normal elemental 
distribution is perturbed according to an in- 
jury specific pattern. 

Transection of rat sciatic nerve caused a 
sequential change in intra-axonal elemental 
distribution characterized by initial reduc- 
tions in the levels of K and Cl followed by 
increases in Na and, much later, Ca. These 
changes in elemental composition developed 
prior to morphological alterations and occurred 
first in small axons. This latter finding cor- 
relates well with previous studies, which dem- 
onstrated a predisposition of small fibers to 
morphological changes following axotomy.?7°+% 
How transection of sciatic nerve results in 
disturbed subcellular elemental distribution 
is unknown. The temporal nature of our re- 
sults do not suggest a nonspecific increase in 
membrane permeability which would lead to si- 
multaneous changes in elemental content. 
Rather, our data are consistent with a progres- 
sive decrease in the activity of membrane ion 
pump secondary to diminished neuronal energy 
production.**»+° Although previous research 
suggests an important role for altered elemen- 
tal distribution, further studies are neces- 
sary to determine whether such changes are di- 
rectly involved in mediating the structural 
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and functional consequences of transection.? 

Induction of diabetes in rats produced sub- 
tle time-dependent changes in elemental distri- 
bution of axoplasm and mitochondria. Regionally 
specific alterations in K and Cl were manifest 
collectively as a reversal of the proximodistal 
decreasing gradient present along normal nerve. 
In addition, Schwann cell cytoplasm exhibited 
changes in elemental content that were related 
to the region of sciatic nerve examined. The 
mechanism by which elemental composition of 
axons is disrupted has not been identified. 
Biochemical studies of peripheral nerve from 
diabetic animals have shown that phosphoprotein 
and membrane phospholipid metabolism is dis- 
rupted, and energy utilization and (Na + K)- 
ATPase activity are reduced.+®"1° These ef- 
fects, either separately or in concert, might 
be responsible for altered elemental regula- 
tion. The consequences of disrupted homeo- 
stasis have not been determined, but might be 
related to characteristic alterations in mor- 
phology as well as decreased axonal transport 
and other functional deficits associated with 
diabetic neuropathy. 

The present study of injured nerve cells has 
shown that electron-probe microanalysis can be 
used to measure elemental distribution and wat- 
er content in peripheral nerve axons. Thin 
cryosections can be cut from samples of nerve 
that were frozen in situ. The morphology of 
these sections is well preserved and cellular 
compartments can be reliably identified. Mi- 
croprobe analysis not only measures total con- 
centration (bound and free), but also provides 
detailed chemical maps of elemental distribu- 
tion. Such information complements studies of 
ion composition in nerve cells and is therefore 
necessary for a complete understanding of neuro- 
physiology. For each type of nerve cell injury 
examined, microprobe analysis identified a 
characteristic, temporally dependent change in 
elemental distribution. Careful consideration 
of these distinct patterns of altered elemental 
distribution can suggest appropriate biochemi- 
cal studies. Thus, use of both microanalytical 
and complementary biochemical methods can pro- 
vide a rational approach to identifying the 
mechanisms of certain neuropathological condi- 
tions. 


References 


1. A. LeFurgey et al., "Heterogeneity of 
calcium compartmentation: Electron probe analy- 
sis of renal tubules," J. Membrane Biol. 94: 
191, 1986. 

2. L. M. Buja et al., "Alterations of ultra- 
structure and elemental composition in cultured 
neonatal rat cardiac myocytes after metabolic 
inhibition with iodoacetic acid," Lab Invest. 
53: 397, 1985. 

3. B. F. Trump et al., "The role of ion 
shifts in cell injury," SEM/1979 III, 1. 

4. R. M. LoPachin et al., "Distribution of 
elements in rat peripheral axons and nerve cell 
bodies determined by x-ray microprobe analy- 
sis," J. Neurochem. 51: 764, 1988. 


5. A. J. Saubermann et al., "Application of 
scanning electron microscopy to x-ray analysis 
of frozen-hydrated sections: I. Specimen 
handling techniques," J, Cell Biol. 88: 257, 
1981. 

6. A. J. Saubermann et al., "Application 
of scanning electron microscopy to x-ray anal- 
ysis of frozen-hydrated sections: II. Analysis 
of standard solutions and artificial electro- 
lyte gradients," J. Cell Biol. 88: 268, 1981. 

7. A. J. Saubermann et al., "Elemental com- 
position and water content of neuron and glial 
cells in the central nervous system of the 
North American medicinal leech (Macrobdella 
decora) ," J. Neurochem. 44: 825, 1985. 

8. T. A. Hall et al., "The use of thin 
specimens for x-ray microanalysis in biology," 
J, Mterose. 99: 177, 1973. 

9. A. J. Saubermann and R. V. Heyman, 
"Quantitative digital x-ray imaging using fro- 
zen hydrated and frozen dried tissue sec- 
tions," J. Microsc. 146: 169, 1987. 

10. A. J. Saubermann, "X-ray mapping of fro- 
zen hydrated and frozen dried cryosections 
using electron microprobe analysis," Scanning 
10: 239, 1988. 

11. J. R. Donat and H. M. Wisneiwski, "The 
spatio-temporal pattern of Wallerian degenera- 
tion in mammalian peripheral nerves," Brain 
Res. 53: 41, 1973. 

12. R. L. Friede and A. J. Martinez, "Analy- 
sis of axon-sheath relations during early Wal- 
lerian degeneration," Bratn Res. 19: 199, 
1970. 

13. L. Lubinska, “Early course of Wallerian 
degeneration in myelinated fibers of the rat 
phrenic nerve," Brain Res, 130: 47, 1977. 

14. H. S. Bachelard and G. D. Silva, "The 
(Na-K) activated ATPase in degenerating 
peripheral nerve," Areh. Biochem. Btophys. 
117: 98, 1966. 

15. G. Majno and M. L. Karnofsky, "A biochem- 
ical and morphologic study of myelination and 
demyelination: II. Lipogenesis in vitro by rat 
nerves following transection," J. Fup. Med. 
108: 197, 1958. 

16. L. H. Schrama et al., "Altered protein 
phosphorylation in sciatic nerve from rats with 
streptozocin-induced diabetes," Diabetes 36: 
1254, 1987. 

17. L. Berti-Mattera et al., "Effect of hy- 
perglycemia and its prevention by insulin 
treatment on the incorporation of **P into 
polyphosphoinositides and other phospholipids 
in peripheral nerve of the streptozotocin dia- 
betic rat," J. Neurochem. 45: 1692, 1985. 

18. D. A. Greene and A. L. Winegrad, "Effects 
of acute experimental diabetes on composite en- 
ergy metabolism in peripheral nerve axons and 
Schwann cells," Diabetes 30: 967, 1981. 

19. R. J. Green et al., "Sodium-potassium- 
ATPase activity in the dorsal root ganglia of 
rats with streptozotocin-induced diabetes," 
Dtabetologta 28: 104, 1985. 


30 


P E Russell, Ed , Microbeam Analysis—1989 
Copyright © 1989 by San Francisco Press, Inc , Box 6800, San Francisco, CA 94161-6800, USA 


DRUG DISTRIBUTIONS IN CELLS MEASURED BY X-RAY MICROANALYSIS 


R. G. Kirk, M. J. Reasor, and Ping Lee 


X-ray microanalysis can be used to study trans- 
port, quantitative distributions, and target 
locations of drugs intissues. To do so the drug 
has to be labeled with an element not normally 
present in cells. The iodine-containing anti- 
arrhythmic drug, amiodarone, is ideal for this 
type of study. Both amiodarone and its metabo- 
lite, desethylamiodarone, contain two atoms of 
iodine per molecule of drug. Long-term treat~- 
ment with this drug causes pulmonary toxicity. 
Alveolar macrophages of amiodarone-treated an- 
imals are particularly susceptible to forming 
lipid-rich lamellar bodies. In experimental 
animals it has been shown that the toxicity 
caused by amiodarone is associated with a gen- 
eralized induction of phospholipid accumulation 
in many cell types of the body, -° In alveolar 
macrophages, the presence of numerous lysosomal 
lamellar bodies is a distinct characteristic of 
amiodarone toxicity. We have shown by elec- 
tron microscopy that such abnormal alveolar 
macrophages developed in Fisher 344 rats treat- 
ed with amiodarone.®° The levels of phospho- 
lipid and amiodarone as well as its principal 
metabolite, desethylamiodarone, have been quan- 
tified in the cells by high-pressure liquid 
chromatography (HPLC) .” 

In our studies we have used a combination of 
rapid freezing, cryosectioning, and x-ray mi- 
croanalysis to measure quantitatively the in- 
tracellular distribution of iodine. Previous- 
ly, we examined quantitatively distributions of 
the iodine-containing drug and its metabolites 
24 h following the administration of a single 
dose.® It was found that with a single dose 
the majority of the iodine-containing species 
appeared in the lysosomal granular structures 
and amorphous bodies. We have now extended our 
study to longer exposure times of 1 week and 9 
weeks and have found high concentrations of 
jodine-containing species in the nuclei, not 
observed in the single-dose experiments. 


Methods 


Drug Treatment. Male Fisher 344 rats (Hill- 
top Labs., Scottdale, Pa.) were given amio- 
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darone orally for periods of 1 or 9 weeks 
(150 mg/kg/day, 5 days/week). Controls re- 
ceived only the water vehicle. These animals 
were kept in wire mesh cages and were given 
water and food (standard rat lab chow) ad 
libitum, Alveolar macrophages were then col- 
lected after 1 week or 9 weeks of drug admin- 
istration. In previous experiments, where a 
single dose was given, the experimental group 
was given orally 400 mg of the drug per kilo- 
gram of body weight.°® 


Coltleetton of Alveolar Macrophages 


To prepare rats for collection of alveolar 
macrophages, rats were anesthetized with so- 
dium pentobarbitol (100 mg/kg), and exsangui- 
nated by severing of the abdominal aorta. Al- 
veolar macrophages were recovered from the 
lungs by means of 5ml lavages of warm calcium 
and magnesium-free Hanks' Balanced Sait Solu- 
tion (HBSS) through a polyethylene tubing (PE 
160)cannulated to the trachea. Cells were 
centrifuged at 500 G for 10 min at 4 C, washed 
once with HBSS, and resuspended in plasma col- 
lected from control rats. The cells were then 
warmed at 37 C for 15 min to allow recovery of 
their cellular potassium, following which they 
were centrifuged again to obtain a packed pel- 
let for freeze preservation. A portion of the 
cell suspension was fixed in glutaraldehyde 
for conventional electron microscopy. 


Preparation of Cells for Conventional Elec-~ 
tron Microscopy. The procedure used was simi- 
lar to that reported in Reasor et al.’ Cells 
were fixed for 1h at 4 C in 3% glutaraldehyde 
in Dulbecco's phosphate buffered saline (PBS) 
(pH = 7.4). After having been in PBS, the 
cells were postfixed in 1% O0SO, in PBS for 1h 
at room temperature. To preserve the lipid 
lamellar structure of the cells, they were treat- 
ed with 0.5% tannic acid in PBS for'another 
hour. The cells were then dehydrated with a 
series of ethanol solutions of increasing con- 
centrations, infiltrated in propylene oxide, 
and embedded in Epon 812. Thin sections were 
cut with an Ultracult E41 microtome (Reichert, 
Vienna) and stained with 3% uranyl acetate for 
20 min followed by Reynolds' lead citrate for 
5 min. Sections were examined on a JEOL 100 
CX electron microscope (JEOL, Tokyo). 


Preparation of Cells for X-ray Microanaly- 
sts. The procedures are similar to those pub- 
lished previously.® Small drops of packed 
cells were deposited on wooden dowels (4 mm 
long, 1.5 mm in diameter) and rapidly frozen 
in stirred precooled liquid propane (-190 C). 
Thin sections were cut with an Ultracut E41 
microtome equipped with a low-temperature 


FIG. 1.--Transmission electron micrographs of 
rat alveolar macrophages from rat treated with 
amiodarone for 9 weeks. (A) Plastic section, 
chemically fixed and stained. Cells are en- 
gorged with lamellar bodies appearing here as 
dark-stained inclusions. (B) Freeze-dried 
cryosection without chemical fixation or stains, 
Lighter inclusions (amorphous bodies) corre- 
svond to "dark stained" inclusions in (A). 


sectioning system (FC4C, Reichert). Sections 
were cut at -110 C with glass knives. Thin 
sections were sandwiched between two nitrocel- 
lulose films on nickel grids (100 mesh), 
freeze-dried in a vacuum evaporator (Denton 
Vacuum, Cherry Hill, N.J.) equipped with a tur- 
bo molecular pump (Balzers, Asslar, Germany). 
Samples were protected during freeze-drying in 
cold small brass containers. These containers 
were placed in the evaporator and allowed to 
warm to room temperature and then coated with a 
thin film of carbon. Dry nitrogen was vented 
into the evaporator. 


X-Ray Microanalysis. A 30mm? energy disper- 
sive detector (Kevex Corp., San Carlos, Calif.) 
and an x-ray spectrometer (Kevex 7000 series) 
interfaced to a PDP 1123 (DEC, Maynard, Mass.) 
were used to collect x-ray data. This spec- 
trometer was used in conjunction with a JEOL 
100CX electron microscope in the scanning mode. 


Samples were transferred to the microscope 
carbon sample holder in the dry-nitrogen at- 
mosphere of the desiccator. Spectra were ac- 
quired at an accelerating voltage of 80 kV and 
a beam current of 1 nA for 50 s. The method 
of quantification of the data has been de- 
scribed by Schamber® and Shuman et al.? The 
Hall method was used to calculate concentra- 
tions from the peak/continuum ratios.+° 


Results and Discussion 


In Fig. 1 alveolar macrophages from a rat 
treated for 9 weeks with amiodarone are shown. 
It is seen that the 9-week treatment with 
amiodarone causes severe lipidosis in the al- 
veolar macrophage with the appearance of num- 
erous lamellar bodies. This appearance is 
similar to that previously reported following 
1 week of treatment by Reasor et al.’ 

Figure 2 shows the spectra of the nucleus 
and amorphous bodies of cells from control an- 
imals. It is seen that there is no Signifi- 
cant iodine in these structures. However, io- 
dine is found in the spectra of both the nu- 
clei and amorphous bodies in cells of 9-week 
treated animals as shown in Fig. 3. When io- 
dine values obtained from long-term treated 
animals are compared with those obtained from 
1-day treated animals, the iodine levels in 
both the nuclei and amorphous bodies are high- 
er as the exposure time to the drug is ex- 
tended. The relative iodine values of the nu- 
clei and amorphous bodies are compared in 
Table 1. In the earlier single-dose study, 
the nuclear iodine concentration is very low. 
The majority of the cellular iodine occurs in 
the amorphous bodies. When drug treatment is 
continued for longer periods, there is a trend 
for the nuclear concentrations to approach 
those of the amorphous bodies. 

In our previous study, x-ray microanalysis 
was used to measure the intracellular distri- 
bution of the iodine-containing amiodarone in 
alveolar macrophages from rats 1 day after a 
single dose aministration of the drug.°® The 
major sites of iodine accumulation were the 
dense granules and amorphous bodies. Although 
x-ray microanalysis measures the elements 
present, it does not distinguish among the 
chemical forms in which each element may oc- 
cur. It is possible to suggest the origin of 
the characteristic x rays from a knowledge of 
the intracellular chemical composition. The 
iodine doubtless originates from the amiodarone 
and its metabolites, since the control cells 
contain no detectable iodine. Which drug- 
derived species gives rise to the iodine signal 
is not known, since treatment with amiodarone 
results in accumulation of desethylamiodarone, 
bis-desethylamiodarone, and other unidentified 
polar metabolites in the cell (Fig. 4). The 
phosphorus in the nucleus is derived from nu- 
cleic acids; that in the lamellar bodies, from 
the phospholipids. Sulfur is probably derived 
from protein. From this kind of deduction one 
can arrive at certain conclusions regarding 
the distributions of the drug and its metabo- 
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4 FIG. 4,--High-pressure liquid 
chromatographic (HPLC) elu- 
tion profile of an extract 
from rat treated for 9 weeks 
with amiodarone. Peak 6, in- 

5 ternal standard L8040; peak 

5, amiodarone; peak 4, de- 

6 sethylamiodarone; peak 3, 
bis-desethylamiodarone; peaks 
1 and 2, unidentified polar 
metabolites. All peaks are 

2 specific for amiodarone 

treatment as none is present 
in extracts from control 
macrophages. 


DETECTOR RESPONSE 


min 
lites and their effect on ionic composition. 
In amiodarone-treated rats, the iodine was 
found to be highest in the amorphous bodies 
which are the lamellar bodies seen in plastic 
sections. In freeze-dried cryosections these 


amorphous bodies appear as vacuolar structures 
that are pale and sometimes of such low elec- 
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FIG. 2.--X-ray spectra 
of (A) nucleus, (B) 
amorphous body of con- 
trol rat alveolar mac- 
rophage. Rat is of same 
age and kept in same 
environment as rats 
treated with amiodarone 
for 9 weeks. 


Fig. 3,--X-ray spectra 
of (A) nucleus, (B) 
amorphous body of alve- 
olar macrophage from 
rat treated with amio- 
darone for 9 weeks. 
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tron density that they appear empty (Fig. 1). 
This appearance is a result of the high con- 
trast found in freeze-dried cryosections even 
when no stains are used. However, x-ray mi- 
croanalysis of these structures of low elec- 
tron density measures high concentrations of 
phosphorus and iodine. The phosphorus indi- 
cates the presence of phospholipid; the io- 
dine, the binding of amiodarone and its metab- 
olites. 

Iodine in the nucleus is negligible after 
1 day but it becomes significant relative to 
the lamellar bodies after 1 week of treatment. 
After 9 weeks it is almost equal to the lamel- 
lar concentration (Table 1). In the 1-day 
treated rats there were two distinct groups of 
amorphous bodies, those with high and those 
with low iodine concentrations. In the 1l-week 
and 9-week treated animals, iodine concentra- 
tions continued to rise in the amorphous 
bodies of the macrophages and there were no 
longer two distinct types, only a high-iodine 
group. From the amphiphilic nature of amio- 
darone, the preferential binding to the lipid 
lamellar bodies is expected. The accumulation 
of iodine in the nuclei of the long-term study 
was unexpected. Our preliminary HPLC results 
on isolated nuclei indicate that the iodine 
signal is primarily associated with the polar 
metabolites of peaks 1 and 2 in Fig. 4. The 
chemical structures and biological activities 


TABLE 1.--Comparison of iodine concentrations 
in the nuclei and amorphous bodies of macro- 
phages of amiodarone-treated rats, 
+ SEM.) 


(Data given 
as means 


Iodine (mmole/kg dry wt) 


Treatment 
period 


Amorphous 


Nuclei (N) bodies (AB) N/AB 


Control 0 

24 he 90+10 (High)? Oeil 
24h 2642 (Low) 0.38 
1 week 116+6 0.53 
9 week 168411 0.85 


°The 24h data. are taken from our previously 


published study .°® 

Amorphous bodies containing 12-40 mmoles/ 
kg dry wt iodine are grouped as "low iodine"; 
those containing 52-146 mmoles/kg dry wt are 
grouped as "high iodine." 


of these peaks have not been identified. 

In conclusion, x-ray microanalysis has been 
used in this study to investigate the distribu- 
tion and accumulation of amiodarone- and metab- 
Olite-derived iodine in single alveolar macro- 
phages. We have shown that the technique is 
sensitive enough to quantify drug species in 
organelles and to quantify time-dependent 
changes. This approach can also be extended to 
studies of other suitable drugs in complex tis- 
sues without a need to separate the various 
cell types. 
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LAMMS IN BIOMEDICAL RESEARCH: ACHIEVEMENTS, SHORTCOMINGS, PROMISES 


R. L. Kaufmann, Peter Rechmann, J. L. Tourmann, and Harald Schnatz 


Ten years after the advent of the first commer- 
cially available instrument for laser micro- 
probe mass analysis (the LAMMA 500 of Leybold- 
Heraeus), this technique has matured into an 
established alternative tool in microprobe 
analysis. 

Although other configurations of laser mi- 
croprobe mass analyzers have meanwhile emerged 
(LAMMA 1000, LIMA-2A, DILMA, LARIS), aiming 
primarily at microprobe analysis in material 
sciences and organic mass spectrometry, the 
LAMMA 500 is still the instrument by which more 
than 90% of the published data has been ob- 
tained. Detailed descriptions of the instru- 
ment can be found in Refs. 1-3; excellent re- 
views for biomedical applicatins in Refs. 4-6. 
For further information, including related top- 
ics such aS specimen preparation, the reader is 
referred to the proceedings of previous LAMMA 
symposia.’~° 

In the past, the designation of the tech- 
nique and the trade name LAMMA have been used 
as synonyms. After the advent of instruments 
from various manufacturers it appears fair and 
appropriate to acronymize technique and in- 
struments differently. Therefore, LAMMS will 
be used to designate the technique as such; 
LAMMA, LIMA, etc., will stand for the instru- 
ments employed. 

At the present time the number of original 
papers related to LAMMS amounts to over 600. 
Roughly 30% of them are related to the life 
sciences. Figure 1 gives an overview of the 
sorts of specific problems to which the LAMMS 
technique has been applied. Some conclusions 
can already be drawn from this compilation as 
to the specific figures of merit that the LAMMS 
appears to offer users in its present state of 
the art. 

It is the intention of the present paper to 
summarize the relevant achievements and limita- 
tions of the LAMMS technique, with special em- 
phasis on biomedical samples; and to provide a 
look at its as yet unexploited promises. 


Some General Remarks on Btomedical Microprobe 
Analysts 


Throughout the history of microprobe analy- 
sis in the life sciences, the pioneers have 
faced the argument that they use much too ex- 
pensive techniques under obsolete conditions to 
produce doubtful results and data that are con- 
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FIG. 1.--Statistical evaluation of published 
LAMMS work related to various fields of bio- 
medical microprobe analysis. 


sidered to be either artifacts or vague repli- 
cations of what is already known. At the 
present state of the art, in the hands of ex- 
perienced researchers, this argument no longer 
holds. Nevertheless, we must steadily reeval- 
uate the true figure of merit of each tech- 
nique with regard to the analytical problem 
under consideration. 

In hunting for something known, suspected, 
or unknown distributed in the complex fine or 
ultrastructure of a biological specimen, micro- 
probe analysis is far from the only approach 
available, and in most instances not even the 
most obvious. Histo- and cytochemistry, and 
particularly immunhistochemistry, are rapidly 
evolving disciplines that provide numerous 
tools to localize organic compounds in an his- 
tological section. Autoradiography is a com- 
plementary tool. Where, then, do microprobe 
techniques really excel in doing a job other 
approaches cannot provide? 

The true figures of merit with special em- 
phasis on LAMMS come into play only under the 
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following circumstances: 


® if cyto- or histochemistry are neither 
sensitive nor selective enough (e.g., toxic and 
physiological trace metals) 

@ if one screens for unknowns (atomic or in- 
organic) constituents 

® if no appropriate radioactive isotope is 
available for autoradiography 

® if one wishes access to exchange kinetics 
in not disintegrated tissues or subcellular 
compartments by means of cold isotopes 

@® if basic chemical information on hitherto 
unidentified microstructures (inorganic or or- 
ganic) is required 


Some of the above conditions require MS de- 
tection techniques in combination with "soft 
ionization microbeam" or "soft ionization- 
secondary ion imaging" facilities and therefore 
are the domain of either the LAMMS or the SIMS 
approach. It can be deduced from Fig. 1 that 
the number of applications that use (for exam- 
ple) LAMMS for molecular microprobing has 
steadily increased in recent years, which re- 
flects its inherent capability for providing 
useful information beyond merely the atomic 
composition. 


Trends in Recent Biomedical LAMMS Application 


As shown in Fig. 1, most biomedical LAMMS 
applications by far are related to the micro- 
probe analysis of trace metals in soft and hard 
tissues. Here, the special figures of merit 
of the LAMMS technique converge. They are: 


® the low detection limits for many of the 
heavy metals 

® the high selectivity (isotopic discrimina- 
tion) 

@® the simultaneous detection of all poten- 
tial trace and major contaminants 

® the ease and speed of operation (under 
screening or searching conditions) 


A rather large fraction of investigations 
are related to aluminum and lead.*°"'* These 
elements are good examples for such trace ele- 
ments, for which histochemistry provides no ap- 
propriate method that is sensitive and selec- 
tive enough for practical purposes. Further 
interesting and successful investigations refer 
to platinum'® (in cisplatin exposed tissues) 
and the uptake of Ti from dental materials*®? 
or bone implants.?® 

The second largest group of papers (N = 37) 
concerns calcium, which for obvious reasons has 
always been a main target element in biomedical 
microprobe analysis. A special aspect of Ca- 
related LAMMS analyses is the evaluation of the 
chemical nature of small Ca concrements or mi- 
crocrystallytes (apatite, oxalate, carbo- 
nate)'?~*2 and the use of cold Ca isotope for 
kinetic studies of Ca exchange between cellular 
and subcellular compartments. : 

Figure 1 further reveals the increasing ten- 
dency to use LAMMA as an approach to organic 
microprobe analysis. This may be indeed con- 
sidered as a very unqiue feature of the LAMMS 
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technique. With the large body of evidence 
showing laser ionization to be a very powerful 
and exciting tool in organic mass spectrometry 
(see also elsewhere in this proceedings), or- 
ganic laser microprobe mass analysis has rath- 
er unexpectedly gained momentum, Among recent 
successful demonstrations of such capabilities 
are the localization of lupanin and spartein 
in lupinus plant tissues,*° the demonstration 
of organophosphorus on the surface of plant 
specimen’’ analyzed under atmospheric pressure 
conditions,”® the identification of rather 
complex organic compounds such as phospholip- 
ids in cell organelles,*°*?° and the microlo- 
calization of drugs by appropriate labels or 
substitutes, °*?** 

The rather steeply increasing number of pa- 
pers related to plant tissue presumably re- 
flects the rapid awareness of the life sci- 
ences of environmental and pollutional prob- 
lems. Here, the recent work of Schroeder 
(see also elsewhere in this proceedings) on 
ionic transport processes in the fine roots 
of conifers’*>?* may be taken as an excellent 
example of the specific strengths of the LAMMS 
technique in life sciences. 

The rapidly increasing use of correlative 
microprobe strategies by the use of cross- 
checking complementary or concurrent methods 
(for example checking by LAMMS for the speci- 
ficity of histochemical precipitation tech- 
niques*>) clearly fits into the present trends 
of cyto- and histochemistry toward analytical 
microsocpy®°®~°* (see also this proceedings). 


Shortcomings and Defictenctes 


The issues to be discussed in this section 
are divided into three groups: (1) problems 
the LAMMS approach more or less shares with 
other microprobe techniques, (2) problems re- 
lated to the physical principle of LAMMS anal- 
ysis, and (3) instrumental insufficiencies. 

The major point of concern in biomedical 
microprobe analysis with respect to (1) is 
specimen preparation. Under (2) we discuss 
the problem of quantification (although that 
is not a LAMMS-specific issue); and in (3) we 
address shortcomings due to nonoptimal engi- 
neering realizations (imaging, data readout, 
and data processing). 


Specimen Preparation, It is generally 
agreed that quick-freezing of a highly hydrat- 
ed specimen is the only way of preventing in- 
tolerable leaching or redistribution of dif- 
fusable compounds. With the few exceptions of 
element-specific precipitation techniques, any 
wet technique, even a mild glutaraldehyde fix- 
ation preceding cryo-preparation, induces dis- 
astrous effects, for example on trace element 
distributions (Fig. 2). 

Since neither LAMMA nor LIMA instruments 
currently in use provide for a cryostage 
equipment, further specimen processing usually 
includes freeze drying, plastic embedding, and 
cutting dry sections; each of these steps fea- 
tures its own nasty pitfalls that one might 
encounter rather unexpectedly. For example, 
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FIG. 2,.--Demonstration of the effect of Imin 
glutaraldehyde fixation prior to shock freezing 
on Cr content of cultivated kidney cells ex- 
posed over 24 h to a Cr-contaminated (107° M) 
incubation medium. 


it had been tacitly assumed that plastic embed- 
ding of freeze-dried specimens should not be a 
critical step with respect to element redistri- 
bution. However, a recent investigation by one 
of us (P.R.) revealed a rather unexpected "sol- 
ubility" of metals in Spurr's low-viscosity 
medium, which is in wide use for tissue embed- 
ding. This result in turn led us to a syste- 
matic investigation of a larger number of 
polymers actually employed for plastic embed- 
ding. This investigation included other prop- 
erties of such resins relevant to LAMMS analy- 
sis as for example light absorption in the UV, 
the content of trace impurities, and the con- 
tribution of organic fragment ions to back- 
ground spectra during LAMMS analysis. A sum- 
mary of the results is given in Table 1. 

An embedding material ideally suited for 
LAMMS analysis should fulfill the following 
conditions: (1} UV-transparent up to at least 
250 nm, (2) virtual absence of inorganic trace 
contaminants, (3) low MS-background from organ- 
ic fragments, and, most important, (4) must 
neither solvatize metals nor form soluble met- 
al-organic compounds. The results obtained in 
25 different brands of the most common embed- 


ding materials based on either epoxy, acrylic, 
or polyster resins (see also Table 1) indicate 
that none of the materials tested were fully 
Satisfactory. Unfortunately, the resins with 
the lowest "solubility" for metals (Araldite 
D, LR-White) are not transparent at 250 nm, 
which excludes UV-microscopy at this wave- 
length. On the other hand, the few matrices 
in which the UV transparency is sufficient for 
UV transmission microscopy (Spurr's medium, 
Technovit) exhibit either rather large "solva- 
tion" effects on metals or heavy background 
interferences from organic fragments or trace 
impurities, 

Plastic embedding may create another prob- 
len (particularly en route to a more quantita- 
tive approach in LAMMS analysis): matrix ef- 
fects on ion yield. It is true that in gen- 
eral matrix effects under usual operational 
conditions in LAMMS do not exceed an order of 
magnitude (in most cases, less than a factor 
of 2-3). However, recent observations of Ver- 
dun et al.*° indicate that under conditions of 
primary (two-photon) resonant ionization, ma- 
trix effects may become much more severe. 

It appears, then, that freeze drying/plas- 
tic embedding--although widely used--is far 
from being an optimal preparation technique 
for biomedical LAMMS analysis. This conclu- 
sion clearly points to frozen hydrated speci- 
mens (bulk or section) as most probably the 
only condition for preventing uncontrollable 
preparation artifacts. 


Quantt fication. The problem of quantifica- 
tion in microprobe analysis has always been a 
matter of debate. Practically all microprobe 
techniques more or less share the blemish that 
quantification is theoretically possible but 
difficult to achieve in practice. Usually, 
the notion of "semiquantitative" analysis is 
chosen to characterize the situation, although 
to the best of our knowledge there is no gen- 
eral consensus about the borderline between 
quantitative aud semiquantitative analysis. 
The point cannot be discussed without some 
conceptional reasoning. 

In biomedical microprobe analysis the re- 
quirements for accuracy and precision vary 
widely depending on the analytical problem. 

In many instances one is dealing with rather 
large concentration gradients of elements 
ranging over orders of magnitude rather than 
over percent differences. More often than 
not, one is not so much interested in absolute 
as in relative quantification, which is easier 
to achieve within certain limits. Finally, 
with the rapidly improving sensitivity of re- 
cent microprobe analytical techniques (espe- 
cially LAMMS), which have pushed detection 
limits (for example for toxic trace elements) 
below the lppmw level, the primary concern for 
using microprobe analysis in many instances is 
to know "what" and "where" rather than "how 
much." 

That is not to say that the search for bet- 
ter quantification in microprobe analysis is 
no longer an important issue. With respect to 


TABLE 1.--Some properties of plastic embedding materials relevant for LAMMS microprobe analysis 
of biomedical specimens. "UV transparency" refers to the transmission through a 2um-thick sec- 
tion: (1) T 2 90%; (2) 909% > T > 50%; (3) 508 > T > 10%; (4) 106 > T> 1%; (5) T <2 1%. *Solubi- 
lity" refers to the area around an embedded metal particle in which LAMMS could detect metal 
traces at signal intensities twice above background level. (0) = no metal traces detected, (1) 
= diameter of contaminated area ~20 um,(2) = diameter of contaminated area =35 um, (3) homoge- 
neous contamination over the field of view (@ 800 um). 


Embedding 


' ne 


UV trans- Cont am- Major organic Solubility of metals 
resin (trade parency inants fragment Dental amalgam | Wood's metal 
name ) (A=250 nm) (trace) signals (amu) Sn Pb 
Spurr's Medium i Na, (K) 3 2 3 3 3 
Araidite MY 753| 5 | Na,K 2 2 1 1 3 
Araldite D 5 n.d. 0 0 0 8) 0 
Epon | 3 Na, (K) ($3555. 53) 1 1 1 1 3 
Bone Resin 1 Na,K 53,555. 25 2 Z 1 £ Ks 
Lowicryl HM 20 3 (Na) ,K, Al 37,113 2 2 3 3 3 
Lowicryl K 11M 2 (Na) ,K,P,Al | 53,55,69, (113) 1 | 1 1 1 5 
Plexit 55 Fo Na,K,(P),AL | 29,31,33,53,55, ae 0 0 1 
52,116,156 | 
LR White 5 (Na) ,K, (Al) 113 0 0 0 1 3 
Technovit 7100 1 Na ,K 29 a at 3| 3 | 3 
Ves topal 5 Ca, (K) dee 0 0 3 3 3 


LAMMS, the specific limitations have been re- 
peatedly and extensively reviewed**~*° and are 
not to be reconsidered here. As a general 
statement one may note that at the present 
state of the art and with the lack of a theory 
to unify all physical effects of ion formation 
under the extremely variable operational con- 
ditions, quantification in LAMMS is anything 
but straightforward. Although some investiga- 
tors, by careful control of all parameters 
(including instrumental conditions as well as 
target properties) have achieved accuracies of 
+6-8% S.D. in some reference standard speci- 
mens, this is certainly not a realistic figure 
for practical work with LAMMS, in which (with 
the possibility of some statistical averaging 
of the shot-to-shot variability) one may reach 
a +30-40% S.D. as a rule of thumb. Reflection- 
type instruments (LAMMA 1000, LIMA-2A), for 
some unknown reasons, appear to do better with 
respect to quantification than the transmis- 
sion-type LAMMA 500. 


Instrument Insufficienctes. In the LAMMA 
500 instrument imaging of unstained plastic- 
embedded tissue sections usually does not per- 
mit the identification:of cellular and subcel- 
lular structures. Therefore, unequivocal cor- 
relation of analytical data requires time-con- 
suming subsequent procedures of optical and/or 
electron optical microscopy. 

This shortcoming has been partly overcome 
by the incorporation of a UV-microscope in the 
LAMMA 500,°° which yields an absorption con- 
trast at A = 250 nm and in most cases permits 
an easy orientation in the texture of the spec- 
imen. However, for biomedical LAMMS analysis, 
an improvement of the microscopic facilities 
remains highly desirable (see also next sec- 
tion), especially for the compromised optics of 
present-day reflection-type instruments 
(LAMMA 1000, LIMA-2A). 
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Other engineering weaknesses of the present 
instruments relate to the ion optical design 
(spherical and chromatic aberrations, accep- 
tance angle and off-axis transmission losses, 
ion detector nonlinearities, and, last but not 
least, signal digitizing and data processing, 
all contributing more or less to the problem 
of quantification. 

Another point of concern, widely neglected 
so far, is the intensity profile of the fo- 
cused laser beam. Under essentially the same 
irradiance (as controlled by the incorporated 
power meter), ion yield and fragmentation 
pattern can vary largely depending on the in- 
tensity (irradiance) distribution in the fo- 
cus. With well-designed diffraction-limited 
optics, a laser beam with TEMoo characteris- 
tics should theoretically produce either a 
Gaussian profile or an Aery pattern in the fo- 
cus; however, the actual conditions encoun- 
tered in LAMMA instruments (diffraction optics) 
and even more so in LIMA instruments (reflec- 
tion optics) are a long way from the ideal 
situation. In most instances, one is dealing 
with a rather irregular intensity distribution 
(spatial and from shot to shot). Even under 
optimal conditions of a laser running in the 
TEMo9 mode, Cassegrainean optics (in contrast 
to refraction optics) produce rather complex 
interference patterns in the laser focus 
(Fig. 3). 

It is obvious that results obtained even 
with instruments of the same type (let alone 
with different types of instruments) cannot be 
easily compared as long as the laser focusing 
conditions are not carefully controlled. 


New Directions and Future Trends 


Some recent modifications of the LAMMS 
technique offer promise with respect to in- 
creased sensitivity and selectivity and, in 


some cases, improved conditions for quantita- 
tive analysis. 
By substituting the frequency-quadrupled 


ND:Yag laser (4 = 265 nm) foratunable dye laser 
with continuously variable wavelength in the 
near UV, Muller and coworkers*? were able to 
demonstrate an improvement of sensitivity in 
some plastic-embedded metal samples (20-100 
ppmw) by a factor of up to 50 when tuning the 
dye laser to an element-specific optical reso- 
nance. This is certainly an important improve- 
ment when one is dealing with very low concen- 
trations of physiological (Zn, Se) or toxic 
(Cd, Hg) trace elements exhibiting rather un- 
favorable detection limits due to high ioniza- 
tion potential and/or strong background inter- 
ferences. However, since this approach appears 
to be more prone to matrix effects on ion 
yield, the "primary resonant" laser ionization 
would probably be infected with a deterioration 
of quantitative capabilities. 

Somewhat more promising in this respect is 
the so-called two-step approach for ion produc- 
tion. The rationale behind it is to separate 
the laser ablation process (laser probe) from 
the laser ionization process (post-ionization). 
This separation can be achieved by use of two 
separate lasers: one to ablate the desired 
amount of material from the area of interest 
(in the form of mainly neutrals at or even be- 
low the threshold for ion production); and the 
other, tunable laser to be focused above and 
parallel to the sample surface so that the ex- 
panding particle cloud of neutrals emerging 


59 


, FIG. 3.--Inten- 
sity patterns in 
the focus of (a) 
UV transmitting 
refractive micro- 
scope objective 
(Zeiss x 32/1.05 
Ultrafluar) and 
(b) Cassegrainean 
mirror objective 
(Ealing x 52/ 
0.65). Image 
plane in each set 
of photographs is 
20 um above (up- 
per row), 20 um 
below (lower row), 
and in focus (mid- 
die row). Note 
strong differences 
between incoherent 
(lefthand) and co- 
herent (righthand) 
illumination. 
Light sources: Ar- 
ion laser (A = 

488 nm) and spec- 
trally selected 
Cmax = 480 nm, 

10 nm half width) 
light of 150W: 
tungsten/halogen 
bulb. Beam diam- 
eters optically 
adjusted to fill 
entrance pupil of 
objective. 


from the probed specimen 
is post-ionized via either 
a resonant or nonresonant 
multiphoton process, The 
idea here is to achieve a highly uniform gas- 
phase ionization (near saturation) which, of 
course, would be an improved condition for 
quantitative analysis. Laboratory versions 
have been built so far for reflection-type in- 
struments such as the LIMA 2-A*® and the LAMMA 
1000.*’>*® Resonant multiphoton positioniza- 
tion (REMPI) as well as nonresonant ionization 
may each offer its own figures of merit, de- 
pending on the analytical task. Whereas reso- 
nant MPI would improve sensitivity and selec- 
tivity not only for certain elements but also 
for selected organic compounds by orders of 
magnitude, nonresonant MPI might be in addi- 
tion a major step toward quantitative multi- 
element analysis. 

Laser post-ionization is of course not nec-~- 
essarily restricted to laser probe (ions, neu- 
trals). Such instruments are actually under 
development and also extend the spectrum of 
future options in biomedical micro- and micro- 
probe analysis. 

With respect to biomedical micro(probe) 
analysis, laser-induced mass spectrometry has 
quite recently opened the way to an analytical 
field hitherto thought to be inaccessible to 
mass spectrometry: the mass analysis of large 
proteins (over 10° Daltons). As the Hillen- 
kamp group’’ has first demonstrated in a LAMMA 
1000 instrument (see also this LAMMS workshop), 
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laser desorption and ionization of intact pro- 
tein molecules out of their solid-state phase 
is regularly possible under certain conditions; 
the heaviest parent molecule ever detected in 
MS is over 2 x 10° Daltons (catalase monomer). 

We have been able to reproduce this exciting 
achievement (Fig. 4), which in accordance with 
the present state of the art could develop into 
an easy and straightforward method for the de- 
termination of molecular masses out of minute 
(femtomolar) amounts of proteins with an accu- 
racy of 0.1%; that is more accurate by nearly 
two orders of magnitude than the chromatograph- 
ic techniques currently used in analytical 
chemistry of proteins in general and biomedi- 
cine in particular. Although this is not yet a 
microprobe capability in the strict sense of 
the word, one may dare to predict--at least 
under certain favorable circumstances-~-that 
this approach may extend to microprobe analysis, 
for example of homogeneous cellular or extra- 
cellular deposits or inclusions. 

Imaging, especially of biomedical specimens, 
is still unsatisfactory in transmission (and 
even more so in reflection) of LAMMS instru- 
ments. The incorporation of a UV transmission 
optical microscope in the LAMMA 500 instrument 
by one of us (R.L.K.) has partly overcome the 
poor absorption contrast usually encountered in 
unstained plastic-embedded sections.** How- 
ever, with the trend toward deep-frozen hy- 
drated bulk specimen (see the section on speci- 
men preparation above), other imaging tech- 
niques must be envisaged. To this end the 
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FIG. 4,~~LAMMS- 
spectra recorded 
by matrix-assisted 
UV laser desorp- 
tion from tryp- 
sine/insuline mix- 
ture, demonstrat- 
ing capability of 
LAMMS-technique to 
extend into the 
mass spectrometric 
analysis of very 
large (protein) 
molecules. Speci- 
men: air-dried lul 
droplet of hydrous 
solution contain- 
ing 107°M insu- 
line/trypsine and 
107M nicotinic 
acid (for enhanc- 
ing laser absorp- 
tion). Analysis 
done by reflection 
type LAMMA 1000 
instrument. Spectra 
of 10 shots summed. 
Abscissa in amu. 
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principal options are synoptically sketched in 
Fig. 5. A piezomechanical x-y scanning device 
acting on the specimen table provides for 
either electron optical or optical scanning 
microscopy based on a multiplicity of poten- 
tially useful secondary emissions (secondary 
electrons, photoelectrons, secondary photons, 
probe current, etc.). 

It is obvious that such an arrangement (in- 
cluding the option for laser post-ionization) 
creates a lot of geometrical conflicts with 
respect to the various beam axes, at least as 
long as the ion transfer to the TOF is main- 
tained perpendicular to the specimen surface. 
However, recent simulations of ion optical ex- 
traction geometries indicate that devices can 
be designed that would permit a 90° deflection 
of the ions without an intolerable loss of 
transmission and TOF resolution. That would 
in turn permit the incorporation of high-N.A. 
focusing optics for the probing laser beam, so 
that spot size might be brought down to near 
the diffraction-limited spot size of, say, 1 
um or below. (The actual figure is 3-4 um in 
the reflection-type instruments.) 
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TRACE ELEMENT ANALYSIS IN NEURODEGENERATIVE DISEASE 


D. P. Perl and P. F. Good 


The histological lesions of Alzheimer's Dis- 
ease (AD) include the neurofibrillary tangle 
(NFT), granulovacuolar degeneration (GVD), and 
the senile plaque (SP). In 1965 it was dis- 
covered that the intracerebral administration 
of aluminum salts could initiate the formation 


of a type of neurofibrillary tangles in the neu- 


rons of the rabbit.+** Brains of AD patients 
have shown by bulk analysis to contain 2-3 
times the amount of aluminum as the brains of 
age-matched controls.* With the technique of 
scanning electron microscopy--x-ray energy 
spectroscopy (SEM-XES) we demonstrated that 
neurons from the heavily tangle-bearing region 
of the hippocampus had an increase of aluminum 
compared to nontangled cells.” 

By the use of laser microprobe mass spec- 
trometry we have shown that the aluminum accum- 
ulation of AD is specifically localized to the 
NFT itself and occurs in a concentration of 10- 
50 ppm. 


Methods 


Tissue blocks of hippocampus obtained from 
the brains of patients dying with AD and from 
those diagnosed as normal aging were fixed in 
10% phosphate-buffered formalin, dissected into 
cubes, postfixed in osmic acid, dehydrated in 
graded alcohols, and embedded in Spurr's epoxy 
resin. Sections were cut with glass knives at 
0.5 um thickness on a Reichert Ultracut ultra- 
microtome. The sections were mounted on 50- 
mesh copper grids and stained with 0.01% tolu- 
idine blue. Laser microprobe mass analysis was 
performed with a LAMMA-500 with the 100x objec- 
tive and a laser energy of 8-10 uJ in the posi- 
tive-ion mode. Mass spectral data from five 
probe sites in the nucleus, cytoplasm, NFT of 
tangle-bearing neurons, and adjacent neuropil 
were collected from each of ten tangle-bearing 
neurons and ten histologically normal neurons 
of four AD cases, and ten neurons of two normal 
aged controls. Integrated peak intensity was 
calculated at all nominal atomic mass numbers 
from 1 to 320 and population statistics were 
obtained for the elements sodium, aluminun, 
Silicon, potassium, calcium, and iron. 


Results 


Data for the NFT region of tangle-bearing 
neurons show a prominent increase in the alum- 
inum-related mass 27 signal when compared with 
the adjacent cytoplasm and neuropil. The nu- 
clei of these neurons show a mild increase in 
aluminum-related signal when compared with the 
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Integrated Mass 27 Signal (V.+1S.E.) 


adjacent cytoplasm and neuropil, whereas the 
normal neurons of the AD cases show only a 
mild increase in the aluminum-related signal 
of the nuclei. The neurons of the normal aged 
controls show no similar increase in aluminum- 
related signal in any of their cellular com- 
partments. 


Dtscusston 


Aluminum toxicity has been considered to be 
among the candidates for AD etiology. This 
has been a controversial question among neu-~ 
rologists and neurobiologists concerned with 
AD. The data presented here suggest that 
aluminum is selectively bound to the neurofib- 
rillary tantle of AD. This finding must be 
accounted for in any hypothesis of the etiolo- 
gy and pathogenesis of the disease. These 
studies also show the power of laser micro- 
probe analysis in addressing these questions. 
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CORRELATIVE ION AND ELECTRON MICROSCOPY FOR IMMUNOCYTOCHEMISTRY 


J. J. Lee, R. W. Linton, J. L. Hunter, J. D. Shelburne, J. L. Burchette Jr., 
A. P. Sanfilippo, and R. D. Voyksner 


Colloidal gold probes are widely used for light 
and electron microscopic immunocytochemistry, 
for example in cell surface labeling and as 
markers in histological samples.*~* One ap- 
proach for labeling fixed histological sections 
involves a sequential reaction, first with a 
primary antibody having specificity for an an- 
tigen of interest, followed by treatment with 
a secondary antibody linked to colloidal gold 
particles. Small (5nm) gold particles are used 
to maximize penetration into the sections, 
which results in greater particle density at 
the antigenic sites. The signal produced by 
the gold particles in backscattered electron 
or light microscopic imaging can be greatly 
enhanced by a physical silver developer.* The 
gold particles grow by silver deposition to 
diameters as large as 300 nm, thus providing a 
black stain for light microscopy and an elec- 
tron-dense deposit for backscattered electron 
microscopy. 

The above approach was utilized in this 
study to label antigenic sites along the base- 
ment membranes (basal laminae) of glomeruli in 
human kidney tissue. The primary antibody used 
was an anti-human collagen Type IV monoclonal, 
which binds to an antigen involved in glomeru- 
lar cell-matrix interactions. An IgG secon- 
dary antibody was then used to label the anti- 
genic sites with Snm gold particles, which were 
enhanced by subsequent treatment with a silver 
reagent. 

The primary objective of this research was 
to utilize an established immunocytochemical 
marking technique to evaluate secondary ion 
mass spectrometry (SIMS)* as a new approach to 
image antigen-antibody sites. The SIMS tech- 
nique is not expected to compete with conven- 
tional light and electron microscopic immu- 
nocytochemistry. However, imaging mass spec- 
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trometry eventually may prove useful for di- 
rect molecular mapping of antigens and other 
biomolecules within tissues.° Advances in in- 
strumentation, including high spatial resolu- 
tion ion microprobes,° post-ionization tech- 
niques, and mass spectrometers capable of high 
mass resolution and high mass range,’ will 
help in pursuit of this objective. The com- 
bined limitations of biomolecule concentra- 
tions, spatial resolution, and ion transforma- 
tion probabilities make in situ molecular 
mapping a very difficult goal for microprobe 
mass spectrometry at present. Fortunately, 
chemical tagging techniques can be used for 
SIMS in a manner analogous to those currently 
exploited for enhancing image contrast in 
other microscopies. Exciting possibilities 
include the use of markers tailored to mass 
spectrometric detection such as isotopic la- 
bels. Such approaches constitute important 
initial steps in the development of SIMS as a 
molecular microprobe applicable to biological 
systems. 

This paper provides the first demonstrated 
use of chemical tags with high ionization ef- 
ficiency in SIMS to image sites of antigen- 
antibody interactions in fixed biological tis- 
sue. An ion microscope was used to identify 
antigenic sites by detection of mass selected 
ions such as Ag~ from the bound silver-stained 
secondary antibody. Results of SIMS were con- 
firmed by light and electron microscopy of 
identical areas in the same tissue section. 

An important feature of the ion microscope is 
that it can generate three-dimensional images 
by digital image depth profiling.® This analy- 
tical mode provides a sensitive measure of the 
specificity and penetration depth of the anti- 
body reaction, and is conceptually similar to 
optical sectioning with confocal microscopy 

or cross-sectional imaging with transmission 
electron microscopy. 


Experimental 


Human kidney tissue obtained on autopsy was 
prepared in 3-5 um microtomed sections of for- 
malin-fixed paraffin-embedded tissue. The 
sections were treated with a two-stage immuno- 
gold silver staining (IGSS) process.” Anti- 
human collagen Type IV monoclonal antibodies 
(Chemicon International, Inc., Catalog No. 
MAB 1910) were used to bind to antigenic sites 
on glomerular basement membranes. Dilutions 
of the antibody ranged from 1:100 to 1:8000 in 
pH 8 buffer, and were applied to tissues pre- 
treated with or without a 1% trypsin solution. 
The higher dilutions generally minimized the 
extent of nonspecific binding. The secondary 
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FIG, 1.--Immunocytochemical approach used to 
stain renal basement membranes of glomeruli 
with silver particles. 


antibody was goat antimouse IgG conjugated 

with 5nm gold particles (Janssen Life Sciences 
Products AuroProbe EM No. 23.685.17-GAMIgG). 
The silver enhancement reaction was then used 
to enlarge the gold particle size by deposi- 
tion of silver (Janssen IntenSE M kit). Fur- 
ther details on specimen preparation are found 
in the product descriptions provided by Chemi- 
con and Janssen. A schematic illustrating the 
approach to kidney tissue labeling is shown in 
Fig. 1. Control sections treated in the above 
manner except for the omission of the primary 
antibody did not exhibit any detectable silver 
particles incorporation. Sections that did not 
utilize silver enhancement provided inadequate 
labeling for direct imaging of the gold tags by 
ion microscopy. 

The SIMS measurements were made with a 
Cameca IMS-3f ion microscope equipped with a 
magnetically filtered primary Cs*+ beam and a 
custom digital secondary ion imaging system. 
Negative secondary ion detection was used in 
conjunction with energy filtering achieved by 
offsetting of the sample potential (122V). 

This procedure permitted sensitive detection 
of Ag-, confirmed by examination of the iso- 
tope ratio of the major Ag isotopes at 107 and 
109 Daltons, without significant contributions 
from polyatomic secondary ions. Sputtering 
rates of the order of 300 nm/min were achieved 
with a 100nA, 9.5kV Cst beam rastered over a 
250um x 250um area. About 0.4 um were sput- 
tered in increments between each successive 
set of image acquisitions. The analytical 
area was confined within a circle 150 um in 
diameter centered in the sputtered area. Typi- 
cal image acquisition times required to fill 
the 8-bit dynamic range of the digital images 
were 20 s with a 0.1nA primary beam for CN™ 
and 30 s with a 10nA primary beam for Ag-. 
Backscattered electron images were obtained, 
both before and after ion sputtering, with an 
ISI DS-130 scanning electron microscope 
equipped with a Tracor Northern TN5500 imaging 
system. 
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FIG, 2.--SIMS results for kidney glomerulus 
labeled as shown in Fig. 1. (A) Negative ion 
mass spectrum of tissue labeled with Ag en- 
hancement step (log intensity scale normalized 
to carbon intensity at mass 12). (B) Ratioed 
mass spectrum of tissue labeled with Ag com- 
pared to tissue labeled without use of Ag en- 
hancement reagent (linear intensity ratio 
scale). 


Results 


Figure 2 illustrates secondary ion mass 
spectra obtained from areas containing glomer- 
uli from the labeled kidney tissue. In addi- 
tion to elements characteristic of the organic 
constituents (H, C, N, 0, S), the negative ion 
spectrum (Fig. 2A) shows high concentrations 
of the Ag label and halogens with very high 
secondary ion yields (C1, Br, I). Energy off- 
setting was used to minimize polyatomic ion 
interferences in the spectra at the expense of 
spectrometer transmission. The Au signal at 
197 is barely detectable (of the order of 10 
cps) and is difficult to confirm since Au is 
monoisotopic. The Au~ intensity usually is at 
least 100 times less than the Ag-, yet the Au7- 
ion yield is expected to be about 50 times 
better than Ag™ based on tabulated relative 
sensitivity factors for the metals. The lack 
of Au~ intensity is éxplained by the difference 


FIG. 3,--SIMS imaging of kidney glomerulus la- 
beled as shown in Fig. 1. (A) Backscattered 
electron micrograph (after ion sputtering dur- 
ing SIMS measurements): g = glomerulus, us = 
urinary space, arrows = basement membrane 
(Bowman's Capsule). (B) Binary overlay of Ag~ 
and CN- SIMS images (raw data shown in C and 
D): black = no Ag™ or CN~ above background; 
gray = CN7 above background, but no Ag~; white 


47 


(C) CN7~ SIMS 
image of tissue surface. (D) Ag~ SIMS image of 
tissue surface. (E) 3-D SIMS image of CN- 
(images stacked as a function of depth, approx- 
imately 0.4 um of sputtering between each image 
acquisition). (F) 3-D SIMS image of Ag~ (im- 
ages stacked as a function of depth, approxi- 
mately 0.4 um of sputtering between each image 
acquisition). 


= CN~ and Ag™ above background. 


in relative volumes in the Au cores and Ag over- 
layers of about 10°. Thus, when ion yield 
differences are considered, the Au” signal 
should only be about 10°° of the Ag™ signal if 
SIMS intensities are averaged over complete 
particles. For futher substantiation of the 
unique signals derived from the Ag enhancement 
step, Fig. 2(B) compares the spectrum in Fig. 
2(A) to that obtained for the tissue not ex- 
posed to the Ag reagent. The Ag™ and Br~ sig- 
nals are several orders of magnitude more in- 
tense in the tissue treated with the Ag. The 
enhanced Br may result from binding to Ag 
particles during H and E staining subsequent to 
the Ag enhancement step. 

Results of digital ion imaging studies are 
summarized in Fig. 3 for a selected portion of 
a single glomerulus with its associated base- 
ment membrane (Bowman's Capsule). The tissue 
morphology is shown in the backscattered elec- 
tron (Fig. ZA) and is correlated with the sur- 
face images of the same feature obtained by 
SIMS (Fig. 3B-D). The CN” image identifies the 
regions containing tissue, the dark channel 
representing the urinary (Bowman's) space (Fig. 
3C). The Ag” clearly is located predominantly 
along the basement membrane (Fig. 3D). Some of 
the Ag™ observed in other areas may reflect la- 
beling of basal laminae of tubules, intertubu- 
lar capillaries, and glomerular mesangial ma- 
trix. All these structures are known to be 
bound by the primary antibody. Some nonspecif- 
ic staining by the Ag also may occur. The bi- 
nary SIMS image overlay in Fig. 3(B) illus- 
trates the predominance of Ag in regions assoc~ 
iated with the basement membrane (Bowman's Cap- 
sule), and is further substantiated by compari- 
son to the backscattered electron image in 
Fig. 3(A). 

Results of 3-D or image depth profiles are 
shown in Fig. 3(E) and 3(F) for CN” and Ag’, 
respectively. Transaxial slicing?® of the dig- 
ital image stack along the basement membrane 
located in the bottom right of Fig. 3(D) con- 
firms that the Ag is confined to the outer sur- 
face of the section. That is, sputtering of 
the outer 0.4 um before the second Ag was ac- 
quired was sufficient to eliminate virtually 
all detectable Ag (Fig. 3F). In contrast, the 
CN~ signal actually increases somewhat for the 
second and third data sets (Fig. 3E). This re- 
sult may reflect attentuation by remnants of a 
carbon overlayer in the first data set, and 
progressive ion beam damage effects that may 
influence the CN” signal. The depth scales 
(0.4um markers) shown in Fig. 3(E) and (F) are 
based on cross-sectional TEM studies to esti- 
mate the total section thickness. Approximate- 
ly half the 3ym-thick section was sputtered 
away during the SIMS measurements. SIMS sensi- 
tivity is such that less than a 15nm depth 
normally is consumed to acquire a single Ag™ 
image, and about 0.1 nm for each CN” image. 

As a final confirmation of the limited pene- 
tration depth of the Ag-enhanced antibodies, 
Fig. 4 compares a portion of the basement mem- 
brane before and after Cs* sputtering of the 
outer surface of the section. The backscat- 
tered electron image of the unsputtered kidney 
tissue clearly shows the Ag particles along the 
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basement membrane of a glomerulus, as well as 
around portions of a few nearby tubular base- 
ment membranes (Fig. 4A). After a light sput- 
tering, which has not seriously altered the 
tissue morphology, the Ag-containing particles 
appear to have been removed. Indeed, TEM stud- 
ies of tissue cross sections also indicate that 
the Au particles are almost exclusively con- 
fined to the surface of the section. 


Cone lustons 


The immunogold silver staining process is 
shown to be useful for the localization of 
antigen-antibody interactions in fixed biolog- 
ical tissues by SIMS. The 3-D image depth 
profiling mode provides information on the 
specificity and penetration of the antibodies 
used to label antigenic sites. Further im- 
provements are expected in SIMS lateral reso- 
lution with the use of focused liquid metal 
ion sources, in methods to display 3-D infor- 
mation, and in the development of chemical 
tags for biomolecules tailored to mass spec- 
tral detection. These are important early 
steps in the evolution of imaging mass spec- 
trometries as molecular microprobes with ap- 
plications to biology and medicine. 
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FIG. 4.--Scanning electron micrographs (back- labeled as shown in Fig. 1. (A) Before Cst 
scattered electron images) of basement mem- sputtering (note Ag particles). (B) After Cst 
brane (Bowman's Capsule) region of glomerulus sputtering (note absence of Ag particles). 
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DISTRIBUTION PATTERNS OF ALUMINUM ACCUMULATIONS IN BONE TISSUE FROM 
PATIENTS WITH DIALYSIS OSTEOMALACIA DETERMINED BY LAMMA 


P. F. Schmidt, Hernz Zumkley, Rudolf Barckhaus, and Bernd Winterberg 


An increased concentration of aluminum in bone 
has been found in patients with dialysis osteo- 
malacia. To estimate the effects of an ele- 
vated aluminum content on the mineralization 
process, more information on the distribution 
of aluminum within bone tissue is necessary. 
Therefore the aluminum content of various 
structural elements of bone tissue of patients 
with normal kidney function and of patients 
with dialysis osteomalacia has been determined 
by laser microprobe mass analysis (LAMMA). 
These investigations show that patients with 
dialysis osteomalacia exhibit an accumulation 
of aluminum at the junction between osteoid and 
the mineralized matrix, as well as depositions 
of aluminum in bone cells (osteocytes, espe- 
cially in osteoblasts in front of areas of de- 
fect bone mineralization). 

Increased concentrations of aluminum in 
blood and tissues are frequently found in pa- 
tients undergoing intermittent hemodialysis 
treatment.*~* As early as 1970 hyperaluminemia 
from Al-containing drugs (antacids) in patients 
suffering from renal insufficiency was observed 
by Berlyne et al.? Accumulation of Al in the 
bone of patients with chronic renal failure was 
demonstrated by Parsons et al.° Interest in Al 
toxicity in uremic patients was stimulated when 
a relation between serum Al concentration and 
dialysis dementia was found.” Strong evidence 
that Al is involved in the development of dial- 
ysis osteomalacia thereafter accumulated.*>® 
One of the consequences of this Al intoxication 
is an accumulation of Al in bone, combined with 
a defect bone mineralization that results in an 
increased osteoid volume and a reduced mineral- 
ization front (Al-induced osteomalacia). 

To obtain more information on the pathogenic 
mechanisms between Al intoxication and develop- 
ment of dialysis osteomalacia, the Al content 
of bone cells from patients suffering from 
dialysis osteomalacia has been determined by 
laser microprobe mass analysis.’ In addition, 
the integral Al concentration of the tissue has 
been measured by atomic absorption spectrome- 
try. 


Preparation 


Bone samples were taken by needle puncture 
from the pelvic bone. In order to prevent any 
Al redistribution, the tissue was shock frozen 
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by immersion into melting N,, freeze dried in 
a freeze-drying device at below -80 C, plastic 
embedded in an epoxy resin, and sectioned dry 
on a ultramicrotome. The sections were mount- 
ed on 3mm grids used in electron microscopy. 


Results 


In bone tissue from patients with dialysis 
osteomalacia, LAMMS revealed an increased Al 
content in the mineralizing front of the cal- 
cified tissue and the osteoid (Fig. 1). More- 
over, Fig. 1 demonstrates the high detection 
sensitivity of LAMMA. Usually the determina- 
tion of the topochemical distribution of Al 
within bone tissue is based on histochemical 
staining by aluminon, the ammonium salt of 
aurine tricarboxylic acid.°*?® It has been 
shown by staining that Al accumulates at the 
junction of the mineralized bone and osteoid, 
in cement lines, in deposits in the osteoid 
itself, and in reticulum cells of bone mar- 
row.’1?!* The "detection limit" of this meth- 
od is about 20-50 ug/g, because no stain is 
possible when integral bone Al concentration 
is in this range.?+ Figure 1(b) demonstrates 
that LAMMA can detect Al in concentrations 
much lower than are necessary for staining. 
Section A originates from the bone tissue of 
a patient with an integral Al content of 47 
ug/g; section B originates from bone tissue 
with an Al content of 170 ug/g. By way of 
comparison with these high Al concentrations, 
the Al content of bone tissue from patients 
with normal kidney functions is 4-8 ug/g. 

Both sections have been stained with aluminon. 
In section B (Fig. lb) the dark line at the 
junction of the mineralized bone and the os- 
teoid produced by the aluminon staining demon- 
strates the presence of Al, as ascertained by 
LAMMA measurements. Although no staining 
could be observed in section A (Fig. la), 
LAMMA revealed an accumulation of Al. - 

In addition, LAMMA detected an increased Al 
content in osteocytes of patients with dialy- 
sis osteomalacia, especially in osteocytes 
near the mineralization front.+* LAMMA analy- 
ses of osteocytes from patients with normal 
kidney functions and without treament with Al- 
containing drugs did not show an elevated Al 
content. In patients with osteitis fibrosa in 
fibroblasts, an increased Al content was ob- 
served ,+? 

Moreover, LAMMA investigations also demon- 
strated that osteoblasts from patients with 
dialysis osteomalacia contain an increased 
concentration of Al. Figure 2(a) shows an 
histological section from bone tissue of a pa- 
tient with dialysis osteomalacia. The integral 
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FIG. 1.--LAMMA analyses of aluminon-stained sections of bone tissue from patients with dialysis 


osteomalacia, 


Al concentration was 47 ug/g. This section 
shows two areas of different mineralization 
phases: (A) normal mineralized bone with a thin 
osteoid seam and elongated osteoblasts, (B) an 
area with a defect mineralization front, a wide 
osteoid seam, and cubic osteoblasts. 

For area A (intact mineralization), no Al 
was detected by LAMMA measurements in the junc- 
tion of mineralized bone and osteoid nor in os- 
teoblasts (Fig. 2b). 

For area B (defect mineralization), LAMMA 
analyses indicate a considerable accumulation 
of Al in the junction of mineralized bone and 
osteoid seam, and in the cytoplasma of osteo- 
blasts (Fig. 2c). In particular, a comparison 
of osteoblasts with various Al concentrations 
indicate that the content of magnesium and cal- 
cium may decrease with increasing Al (Fig. 3). 


Discusston 


These results have shown that one can obtain 
indications of Al-induced osteomalacia by means 
of histomorphologic findings and an estimate of 
Al concentration of bone tissue by atomic ab- 
sorption spectrometry, supplemented by an esti- 
mate of the Al distribution within bone tissue. 
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Integral aluminum concentrations (AAS): Section A: 47 ug/g, section B: 170 ug/g. 


Moreover, by ultrastructural localization of 
Al, one can get more information on the corre- 
lation between Al intoxication and dialysis 
osteomalacia, in such a manner that the hypoth- 
esis of a direct toxic effect of Al on bone 
cells with consequent development of osteoma- 
lacia can be supported, 

Many investigations made by different meth- 
ods (such as histochemical staining, x-ray 
microanalysis, and secondary ion mass spectrom- 
etry) have shown that an Al concentration is 
found at the junction of mineralized bone and 
osteoid in patients with dialysis osteomala- 
cia.?»?*.1° This result has been confirmed by 
LAMMA, In addition, because of the low detec- 
tion limit of LAMMA, an increased Al content 
has also been detected in osteocytes, especial- 
ly near the mineralization front. ‘ 

The findings on aluminum accumulations in 
osteoblasts of patients with dialysis osteoma- 
lacia are in accord with results obtained by 
x-ray microanalysis, which demonstrates the 
presence of Al in the mitochondria of osteo- 
blasts." 3** 

Considering that Al ions show phosphate 
binding properties and that Ca ions can be 


FIG, 2,.--(a) Histological section of bone tis- 
sue from an aluminum-intoxicated patient with 
dialysis osteomalacia: Area A intact, area B 
defect bone mineralization; (b) LAMMA analysis 
within area of intact bone mineralization. 


replaced by Al ions in biochemical reactions, 
the presence of Al at the junction between os- 
teoid and the mineralized matrix suggests that 
the mineralization of osteoid is inhibited by 
Al accumulations, so that available Ca cannot 
be taken up by bone.?” The findings that os- 
teoblasts in front of areas of defect bone 
mineralization contain Al (combined with a de- 
creasing Ca content) support the supposition 
that one of the possible causes of Al-induced 
osteomalacia is given by Al accumulations that 
may inhibit the mineralization of the osteoid, 
The calcification process of bone occurs under 
the control of osteoblasts. The presence of 
Ca aggregates in osteoblast mitochondria makes 
it evident that osteoblasts regulate the trans- 
port of Ca ions from the blood vessles toward 
the calcifying matrix. This regulation takes 
place through the accumulation of Ca and phos- 
phate ions in mitochondria, followed by their 
release.’® The accumulation of Al osteoblasts 
therefore suggests that Al inhibits the normal 
mineralization process by interfering with the 
Ca fluxes. 
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FIG. 3,--LAMMA analyses of three different osteoblasts demonstrating 


calcium content with increasing aluminum content. 
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IN SITU MICROPROBE QUANTITATION OF INORGANIC PARTICLE 
BURDEN IN PARAFFIN SECTIONS OF LUNG TISSUE 


J. L. Abraham 


Inorganic particulate material of diverse types 
is present in the ambient and occupational en- 
vironment, and exposure to such materials is a 
well-recognized cause of some lung disease. 

To investigate the interaction of inhaled inor- 
ganic particulates with the lung, one must ob- 
tain quantitative information on the particu- 
late burden of lung tissue in a wide variety of 
Situations. The vast majority of diagnostic 
and experimental tissue samples (biopsies and 
autopsies) are fixed with formaldehyde solu- 
tions, dehydrated with organic solvents, and 
embedded in paraffin wax. Over the past 16 
years, I have attempted to obtain maximal ana- 
lytical use of such tissue with minimal prepar- 
ative steps. Unique diagnostic and research 
data result from both qualitative and quantita- 
tive analyses of sections. Most of the data re- 
sult from both qualitative and quantitative 
analyses of sections. Most of the data has 
been related to inhaled inorganic particulates 
in lungs, but the basic methods are applicable 
to any tissues. The preparations are primarily 
designed for SEM use, but they are stable for 
storage and transport to other laboratories and 
several other instruments (e.g., for SIMS tech- 
niques) .? 


TABLE 1.--Records in master database. 


Tissue section 411 analyses 
Fibers 285 
All particles 21 
Reduced area LS 
Lavage 6 
Nonquantitative 84 
Material samples a 
Total 826 


Standard paraffin sections of tissue (avoid- 
ing contaminating metal fixatives) are cut at 
5-8 um (standard thickness), floated on clean 
water, and picked up on smooth pure carbon 
disks, The section is dried as are serial sec- 
tions mounted on glass slides. Alternatively 
(and rarely), if the only available tissue is 
in a section already mounted on a slide, a sec- 
tion or portion of a section may be transferred 
from a glass slide to a carbon support. Paraf- 
fin is removed by soaking in xylene for approx- 
imately 30 min, and the preparation is air 
dried, The specimen is then ready for examina- 
tion in the SEM; depending on the stub and the 
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instrument to be used, it may be necessary to 
glue the carbon substrate to another mount of 
some kind. (Maintaining electrical conductiv- 
ity is essential.) No conductive coating 
should be used, as it may obscure features of 
interest and may introduce contamination. 
With the 5um sections and an accelerating 
voltage of 20 kV, there should be no need for 
coating. With thicker sections and lower ac- 
celerating voltage, the beam does not fully 
penetrate the tissue to the conducting carbon 
substrate, and the insulating properties of 
the tissue become a problem. Minor charging 
effects in the secondary electron imaging 
(SEI) should not interfere with backscatter 
electron imaging (BEI). The use of a dual 
screen SEM display greatly facilitates compar- 
ison of SEI and BEI. Inorganic material in 
the organic matrix is easily detected in the 
BEI. Inorganic material in the organic matrix 
is easily detected in the BEI. The inverse 
mode is utilized to protect the viewing CRT 
from strong signals and for some familiar pat- 
tern recognition characteristics, more resem- 
bling LM and TEM. Once located, the inorganic 
material is analyzed by energy-dispersive 
x-ray analysis (EDXA) or other microprobe 
techniques as available and necessary. True 
quantitative analysis of individual particu- 
lates of varying size in such specimens is not 
practical, but quantitation of the tissue par- 
ticulate burden is readily accomplished by a 
point-count, morphometric approach.? In 
brief, fields of standard area (and volume) 
are searched for inorganic particulates, 
which are counted, measured, and individually 
analyzed by EDXA. The resulting data are en- 
tered into a PC program using Dbase and better 
Basic to calculate results and prepare re- 
ports. The reports include raw data on each 
particle analyzed; numbers of particles/ 
field; concentration of particles/ml of tis- 
sue; concentrations, sizes, and integral x-ray 
intensity data for particles by classifica- 
tion. Particles are classified by morphology 
as fibrous or nonfibrous, and by elemental 
composition as silica, silicates, metals, as- 
bestos, organic, endogenous, and others. Di- 
gestion analysis is strongly recommended for 
fibrous particulates, which are underrepre- 
sented and shortened in sectioned tissue. Re- 
ports also include x-ray intensity ratios and 
data on individual elements and on "alloy'- 
type particles (metal particles containing 
more than one element in a single particle, 
(often useful in providing clues to sources of 
exposure; e.g., Fe with Cr and Ni suggesting 
stainless steel). 

Over the past few years, I have collected 


quantitative data from analyses of particu- 
lates in over 400 lung samples. It is essen- 
tial to use standardized analytical conditions 
for comparability of data over time. The data 
include numerous comparative digestion analy- 
ses, in which, in addition to the in situ anal- 
ysis, tissue is digested and insoluble partic-~ 
ulate residue is collected on a membrane filter 
for SEM analysis. 

The results from this in situ method corre- 
late well with other analytic methods, and with 
comparison of results from other laboratories 
using similar or other techniques (Tables 2-5). 


TABLE 2.--Summary data from 265 tissue section 
analyses (millions of particles/ml of tissue). 


Median (Range) Mean (s.e.m.) 


Total exogenous 


particles 94 (1-8413) 314 (47) 
Silics 6 (0-1750) 44 (10) 
Aluminum 

silicates 14 (0-7875) 142 (37) 
Metals 35 (0-1530) 89 (12) 
Talc 0 (0-3469) 21 (13) 


TABLE 3.--Frequency of various metal particles 
in tissue section analyses (of 7429 metal par- 
ticles in 400 Analyses; or of 267 Cases). 


Metal No. Particles No. Analyses No. Cases 


(metal = (containing metal) 
Ist elem) 
Fe 2331 (31% 357 (89% 186 (70% 
of 7429) of 400) of 267) 
Ti 1581 (22) 336 (84) 229 (86 
Al 932 (13) 211, (53) 193 (72) 
W 794 (11) 69 (17) 52 (19) 
sn 330 ( 4) 120 (30) 82 (31) 
Pb 271 ( 4) 94 (23) 71 (27) 
Cr 141 ( 2) 188 (47) 134 (50) 
Ni 134 ( 2) 120 (30) 86 (32) 
Ba 122: (2) 58 (14) 39 (15) 
zn 98 ( 1) 116 (29) 75 (28) 
Au 95 (1) 31 ( 8) 22 ( 8) 
Hg 80 ( 1) 23 ( 6) 19 ©: 7) 
zr 77 xt.) 28 ( 7) 25 ( 9) 
co 74 ( 1) 95 (24) 67 (25) 
Ce 59 ( 1) 38 (9) 29-11) 
Ag 46 ( 1) 32 ( 8) 25 (9) 
Ta 24 18 (€ 4) 16 ( 6) 
Mo 22 a ls ae 
Bi 20 15 ( 4) 15 (23) 
Co 13 2OOMe Oa 19 ( 7) 
Sb 8 16 ( 4) -- 
Os 8 1 -- 
V 7 38 ( 9) 30 (11) 
Cd 6 7 (2) 5 ( 2) 
Mn. 6 73 (18) 54 (20) 
Br 4 tC 2) ee 
Nb 4(1) ~~ 
S56 3 2 -~ 
La 3 4 (1) oe eS 
Pd 2 1 -- 
Te 2 1 -- 
As 1 2 -- 
Pt a 1 -~ 
Ru 1 1 ~~ 
Nd a 1 -- 
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TABLE 4.--Comparison of tissue section and di- 
gestive analysis for all particles (for 8 cases). 


Particle Section Digestion 
type analyses analyses 
Silica 26 (7%) 46 (11%) 
Aluminum 

silicates 112 (28) 190 (48) 
Metals 237 (60) 147 (37) 
Talc 0 4) Eee 
Misc. other 20 o) 12 {23 

Total 395 (100%) 402 (100% 


(Numbers of particles analysed in all 8 cases.) 


TABLE 5.--Comparison of types of particles 
found in sections vs digestion. 


Digestions for 


Tissue section fibers 
Total particles 17870 (100%) 9852 (100%) 
Metals 7352 (41) 685 ( 7) 
Silicates 5301 (30) 2348 (24) 
Silics 2202 (12) 485 ( 5) 
Tale 649 ( 4) 855 ( 9) 
Misc. silicates 1264 ( 7) 391 ( 4) 
Gypsum 266 ( 1) 17 
Misc. 78 2 
Asbestos 21S £52) 4273 (44) 


(Numbers of particles in master database.) 


One analytical area in which the in situ 
method may be better than digestive techniques 
is in the analysis of metal particles. These 
usually submicrometer particles may be dis- 
solved or disaggregated so as to be lost dur- 
ing filtration procedures, and they may be too 
small to be counted with the common cutoff 
threshold values used in some automated parti- 
cle-analysis systems. Of course, the major 
disadvantage of the in situ technique is that 
it has not yet been automated and requires a 
skilled operator to spend several hours for an 
average analysis. 

A considerable part of this analytical 
project has been the ongoing development of a 
PC-based database for data retrieval and anal- 
ysis. Analytical results on over 14 000 par- 
ticles are catalogued. Currently, these par- 
ticles are comprised of 8.8% silica, 28.9% 
silicates, 25.5% metals, 18.6% endogenous, 
3.6% other, and 14.4% asbestos. These results 
are linked to patient data related to medical 
and occupational histories, smoking, age, sex, 
pathologic diagnoses, etc. This database is 
being queried regarding normal lungs and espe- 
cially regarding the complex relationships of 
inorganic particulates to well-recognized pneu- 
moconioses and to diseases of as yet uncertain 
or less well-documented etiology. 
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NONASBESTOS MINERAL FIBERS IN HUMAN LUNGS 


V. L. Roggii 


Analytical electron microscopy has greatly fa- 
cilitated the identification of inorganic par- 
ticulates in human lung tissue. This approach 
has been particularly effective for the identi- 
fication of asbestos fibers recovered from 
lung. However, asbestos fibers are not the 
only mineral fibers found in human lungs. In- 
deed, among members of the general population 
with no more than background exposure to as- 
bestos, nonasbestos mineral fibers outnumber 
asbestos fibers.) In most reported studies, a 
"fiber" is defined as an inorganic mineral par- 
ticle with roughly parallel sides and a length- 
to-width (aspect) ratio of at least 3:1. Eval- 
uation of mineral fiber content of lung tissue 
is important since there is experimental evi- 
dence that the aspect ratio of a mineral parti- 
cle is an important determinant of its patho- 
genicity.? The present study is a report on 
experience with the identification of nonasbes- 
tos mineral fibers in more than 200 cases by 
means of analytical scanning electron micros- 


copy. 


Expertmentatl 


Wet formalin-fixed lung tissue was obtained 
for digestion analysis and asbestos quantifica- 
tion in 231 cases. These patients were sus- 
pected or known to have been exposed to asbes- 
tos, or else had a disease associated with as- 
bestos exposure (e.g., malignant mesothelioma). 
Samples with wet weights of approximately 0.3 g 
(range 0.25 to 0.35 g) were digested by the 
sodium hypochlorite technique,* and the residue 
was recovered on 0.4m pore-size Nuclepore 
filters. Filters were prepared for light mi- 
croscopy for identification of ferruginous bod- 
ies, as well as for scanning electron micros- 
copy for quantification of coated (i.e., fer- 
ruginized) and uncoated fibers. Each filter 
was mounted on a carbon disk with colloidal 
graphite, sputter-coated with gold, and ex- 
amined in a JEOL-JSM 35C scanning electron mi- 
croscope at 20 kV at 1000x screen magnifica- 
tion." At this magnification, primarily fibers 
5 um or more in length are detected. One hun- 
dred consecutive fields or 200 fibers, which- 
ever came first, were evaluated and the number 
of fibers per square millimeter filter surface 
determined. From these data, the number of fi- 
bers per gram of wet lung tissue may be calcu- 
lated.> Energy-dispersive x-ray analysis 
(EDXA) was performed with a Kevex 7000 detector 
at an operating voltage of 25 kV. Ten to 25 
consecutive fibers were analyzed for elemental 
composition for each case, 
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FIG. 1.--Tin fiber 
from human lung. 
Bar = 1 um. 

FIG, 2.--Talc fiber 
from human lung. 
Bar = 1 pm. 

FIG, 3.--Energy- 
dispersive spectrum 
of fiber from Fig. 
1, showing major 
peak for tin. Au 
peak is from sput- 
ter-coating. 

FIG, 4,.--Energy- 
dispersive spectrum 
of fiber from Fig. 
2, showing major 
peaks for magnesium 
and silicon. Au 
peak is from sput- 
ter-coating. 


TABLE 1.--Summary of EDXA data for 796 nonasbestos mineral fibers isolated from 156 human lung 


samples. 
Mineral Type No. % Mineral Type No. % 
Tale 249 (31) Iron-oxides 34 =3=(4) 
Silica 144 = (18) Miscellaneous silicates@ 76 8=(10) 
Rutile 115 = (14) Other metal oxidesD 16 = (2) 
Kaolinite 73 = (9) Endogenous ecaleciume 1 (1) 
Miea or feldspar 55 = (7) Fiberglass 23 (3) 
aVarious combinations of Si with Na, Mg, Al, K, Ca and Fe 
DIneludes aluminum (9), iron-chromium (5), iron-aluminum (1), and tin (1) 
CIncludes calcium phosphate (apatite) (10) and ealcium-only 
(carbonate, oxalate, or oxide) (1) 
Results Any inhaled fibrous particle of sufficient 


Nonasbestos mineral fibers were identified 
in 156 of 231 cases (68%). The 32% of cases 
in which no fibers other than asbestos were 
identified were among those with the heaviest 
pulmonary asbestos burdens. In these patients, 
any background level of nonasbestos mineral fi- 
bers is so diluted by the markedly elevated as- 
bestos fiber content that analysis of 25 con- 
secutive fibers is unlikely to detect anything 
other than asbestos. Among the 156 cag¢es 
with nonasbestos mineral fibers, these fi- 
bers accounted for 5% to as much as 100% of 
the fiber burden; in general, the higher the 
percentage of nonasbestos mineral fibers, the 
lower the total fiber burden. Nonasbestos min- 
eral fibers most often fell in the size range 
of 5-10 um in length, with diameters of 0.5-2.0 
um (Figs. 1 and 2). Hence these fibers have a 
relatively low aspect ratio compared to that of 
most asbestos fibers. The corresponding spec- 
tra are shown in Figs. 3 and 4. 

EDXA of more than 3000 fibers showed that 
796 were nonasbestos mineral fibers. These are 
categorized according to their chemical compo- 
sition in Table 1. The most commonly encount- 
ered nonasbestos mineral fibers in decreasing 
order were talc (31%), silica (18%), rutile 
(titanium dioxide) (14%), kaolinite (an* alumi- 
num silicate) (9%), mica or feldspar (potassiun- 
aluminum-silicates) (7%), and iron-oxides (4%). 
The remainder were mostly silicates (10%), with 
various combinations of Si with Na, Mg, Al, K, 
Ca, and Fe. Metal oxides other than titanium 
or iron accounted for another 2%, and included 
aluminum, iron-chromium, iron-aluminum, and tin 
fibers (in decreasing order). Endogenous cal- 
cium fibers (mostly calcium phosphate or apa- 
tite) represented 1% of the total. Finally, 
there were a small number of fibers (3%) with 
smooth, parallel sides which consisted mostly 
of silicon with variable small peaks of Al, Mg, 
and Na. These are tentatively classified as 
fibrous glass based on their morphology and 
chemical composition. Carbon fibers (which are 
occasionally seen in lung tissue’) are not 
shown in the data, since fibers with no detect- 
able elements by EDXA were excluded from the 
analysis. 
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length (220 wm) and diameter sufficiently thin 
for the particle to be respirable (<3 um) may 
become coated with iron, or ferruginized, by 
alveolar macrophages. Most ferruginous bodies 
have asbestos fibers at their core and are 
thus referred to as asbestos bodies. However, 
nonasbestos mineral fibers may also become 
coated, and these nonasbestos ferruginous 
bodies, or pseudoasbestos bodies, can usually 
be distinguished from true asbestos bodies by 
light microscopy.” NonaSbestos ferruginous 
bodies were identified in 24% of cases by 
light microscopy, and either had broad yellow 
sheet-like cores or black cores. EDXA showed 
that most of the former were talc, whereas 
most of the latter were either pure carbon or 
metal oxides (titanium, iron, or aluminum). 
Only a small percentage of nonasbestos mineral 
fibers examined by SEM (<3%) were coated. 


Cone tlustons 


The observations reported here are quite 
similar to those reported by Churg in his 
study of nonasbestos pulmonary mineral fibers 
in the general population.* He used analyti- 
cal transmission electron microscopy, and 
found that talc, silica, rutile, kaolinite, 
micas, feldspar, and other silicates accounted 
for most nonasbestos mineral fibers recovered 
from the human lung. The main difference be- 
tween the present study and that of Churg is 
the prevalence of calcium phosphate (apatite) 
fibers, which accounted for 18% of all fibers 
and were the single most common type found in 
his study, but accounted for only 1% of the 
fibers in the present study (Table 1). Both 
studies employed similar tissue digestion 
techniques. The distribution of elemental 
compositions of nonasbestos pulmonary mineral 
fibers in the present study is also strikingly 
similar to the distribution of elemental com- 
position of the much more numerous nonfibrous 
particulates in human lungs, as reported in a 
study of particulate concentrations in 33 lung 
samples by Stettler et al.® These authors 
used analytical scanning electron microscopy 
with automated imaging/x-ray analysis, and 


found that silica, talc, aluminum silicates, 
rutile, iron oxides, and various other sili- 
cates accounted for the vast majority of non- 
fibrous particles present in human lungs. Al- 
though the biologic significance of these non- 
asbestos mineral fibers and nonfibrous parti- 
cles is largely unknown, one study has demon- 
strated a statistically significant increase in 
the pulmonary content of fibrous and nonfibrous 
particulates among patients with lung cancer as 
compared to noncancer controls matched for age, 
smoking history, and general occupational 
category.’ 
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OCULAR APPLICATIONS OF ENERGY-DISPERSIVE MICROPROBE ANALYSIS 


G. K. Kilintworth 


Since Tousimis and Adler's demonstration of 
copper in Descemet's membrane in Wilson's dis- 
ease, energy-dispersive X-ray microanalysis 
(EDX) has been applied to a variety of ocular 
situations (Table 1). This review highlights 

a few of the contributions that EDX has made to 
ophthalmic pathology and summarizes the appli- 
cations of this technique in studies of the 
normal and diseased eye. Because of space re- 
strictions the bibliography is limited to major 
studies and recent publications. For a fuller 


discussion and additional references, see Ref. 2. 


Ocular Foreign Bodies 


EDX has been particularly useful in the ele- 
mental analysis of ocular foreign materials. A 
comparison of the elemental composition of a 
removed foreign body with its alleged source 
helps resolve disputes that arise from injuries, 
such as those that occur at work, in which com- 
pensation is sought; or in product liability 
actions. The following are examples in which 
EDX helped to identify foreign materials. 


Johnson and Zimmerman? drew attention to un- 
usual golf-ball injuries of the conjunctiva 
and eyelid caused by tissue penetration of the 
highly compressed liquid contents (mixture of 
barium sulfate and zinc sulfate) of certain 
golfballs. 

The identification of titanium, barium, or 
zine served to differentiate synthetic fibers 
from natural fibers or caterpillar hairs in 
conjunctival lesions.” 

Silicon has been demonstrated within silica 
granulomas of the eyelids and periorbita,° and 
in colorless transparent retinal microemboli 
that accompanied open heart surgery (presumably 
derived from an antifoaming agent). 

Streeten et al. (see Ref. 2) studied an eye 
enucleated several months after cyanoacrylate 
embolization therapy for a post-traumatic 
carotid-cavernous sinus fistula. Numerous ocu- 
lar intra-arterial granulomas containing tanta- 
lum (included in the injection mixture to allow 
x-ray visualization of the embolus) were ob- 
served within black granular material. 

Iron from foreign bodies (siderosis) or re- 
peated intraocular hemorrhage (hemosiderosis) 
deposits preferentially in the sensory retina 
and other ocular structures and its presence 
has been detected by SEM, 

Silver has been demonstrated within the 
affected ocular tissues in argyrosis.’?° 
Several potential pitfalls need to be taken 
into account in the interpretation of analyses 
of foreign bodies. The composition of the 
surgically removed specimen may differ from 
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the actual source material: (1) elements such 
as calcium and chloride may deposit on a for- 
eign body that has remained in tissue for some 
time; (2) specks of extraneous material may 
contaminate foreign bodies that are not col- 
lected under ideal conditions. The latter 
possibility can be minimized by insuring that 
the specimen does not lie around unprotected 
in the operating room or laboratory where it 
is subject to airborne contamination. Also, 
in the preparation of the foreign body for mi- 
croanalysis the surgically removed excised 
specimen should be kept in a clean container 
that is not contaminated with foreign parti- 
cles. 


Corneal Disease 


Johnson and Campbell? made a noteworthy ob- 
servation of Descemet's membrane in Wilson's 
disease. They detected sulfur in copper-rich 
electron-dense granules. This finding is con- 
sistent with the hypothesis that sulfur-rich 
metallothionein proteins bind and aggregate 
with copper in Descemet's membrane. Robinson 
and Streeten*® found the relative proportions 
of calcium, phosphorus, and sulfur to be use- 
ful in distinguishing calcific band keratopa- 
thy from spheroidal degeneration. Deposits in 
the latter condition contained excess sulfur; 
and although calcium was often present, phos- 
phorus was lacking. 

EDX of corneal tissue with macular dystro- 
phy after tissue exposure to colloidal iron 
dramatically demonstrates the affinity of the 
accumulations for colloidal iron. The storage 
product in macular corneal dystrophy has been 
found to lack the significant sulfur peak 
characteristic of normal corneas,*° which sug~ 
gests that they are not sulfated. 


Other Appltcattons of EDX tn Ophthalmte Path~ 
ology and tn Studtes of the Eye 


EDX has been used to determine the concen- 
tration of calcium in the aqueous humor’? and 
to characterize a variety of particles found 
in some solutions infused into the eye.)* The 
technique has also been employed to study ele- 
ment concentration, distribution, and transport 
in the cornea, lens, retina, and retinal pig- 
ment epithelium,?°~2° 

Calcium is localized within the membranous 
disks (not interdisk spaces) of the rod outer 
segments in retina.?* The outer segments of 
the retina contain phosphorus, potassium, sul- 
fur, chlorine, and calcium.'® The highest con- 
centration of calcium in frog rods is in the 
inner segment, where this cation concentrates 
in the cisternae of the endoplasmic reticu- 
lum.'® The extracellular fluid and the intra- 
disk space of rods have a higher concentration 
of calcium relative to the cytosol. 

In a study of dark-adapted and illuminated 
frog retinal rods, Somlyo and Walz’® found that 


the total calcium content of the rod outer seg- 
ment did not change upon prolonged illumina- 
tion, but the magnesium content of rods di- 
minished significantly after prolonged illumi- 
nation, a finding consistent with the hypothe- 
sis that the dark current is carried by magnes- 
lum ions. 

Lipofuscin granules contain prominently cal- 
cium and zinc, but also sulfur, chlorine, mag - 
nesium, potassium, and occasionally copper.’ 
Intraocular melanosomes contain more calcium 
than other cell organelles and the adjacent 
cytoplasm. Potassium, sulfur, zinc, barium, 
and other trace metals have also been observed 
in pigmented ocular tissue.*'~? 


Conelustons 


In ophthalmology EDX has proved valuable in 
the characterization and identification of for- 
eign material in ocular and adnexal tissues as 
well as on contact and intraocular lenses. In 
addition the technique has established the ele- 
mental composition of lesions in certain patho- 
logic ocular tissues. To date many studies 
have unfortunately not been performed on ideal- 
ly prepared tissue and contaminants from fixa- 
tives and the embedding media have often com- 
plicated interpretations of the data. With the 
exception of foreign bodies, most conditions 
analyzed by EDX have merely confirmed observa- 
tions established by other methods without 
yielding significant new information. 
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TABLE 1.--Ophthalmic situations in which EDX 
has been used. 


Foretgn Bodtes tn Ocular Tissues 

Golfball injuries: Zn, Ba, S in lesions .° 
Intravascular cyanoacrylate graunulomas: Iden- 
tification of Ta. 

Silica granulomas: Identification of Si.° 

Talc graunulomas: Presence of Si, Mg in 3:1 
ratio. 

Silicone/Antifoam retinal emboli: Identifica- 
tion of Si.°® 

Copper foreign body (chalcosis): Cu not detect- 
ed in anterior lens capsular particles. 
Gunshot--casing: Cu, Zn (brass) identified. 
Gun powder: Ba, Pb identified. 

Glass 


Characterization of Ocular Ptgmentation 
Corneal blood staining: S, P with Fe. 

Implanted pigment into eyelid: Identification 
OEvFe,: Tis 

Implanted pigment into cornea (corneal tattoo): 
Pigments contain various elements including 
Al, Co, Si, Pt.2975 

Iron (siderosis bulbi): Fe within retina and 
other discolored structures. 


Pathologie Caletfteation and Osstfieatton 
Calcific band keratopathy (human and experimen- 
tal): Bowman's layer and the superficial corneal 
stroma calcified with Ca, P. 

Retinoblastoma: Foci of Ca, P. 

Phthisis bulbi: Ca, P in bone. 

Calcification of Bruch's membrane: Ca, P pres- 
ent. 

Proliferative vitreoretinopathy: Ca, P in spic- 
ules of one membrane. 

Diffuse calcification and senile plaques: Ca, P 
present. 

Primary hyperoxaluria: Ca not associated with 

P present. 

Hyperparathyroidism: Ca, P. in corneal cells. 
Optic nerve drusen: Substantial amounts of Ca, 
es 


Study of Miscellaneous Disorders 

Human cataracts: Changes in S, P in opacities; 
Ca (oxalate) in some deposits .*® 

Experimental traumatic cataracts: Elemental 
composition varies with the age of cataract. 
Wilson's disease: Copper in Descemet's membrane 
(Kayser-Fleischer ring).?°° 

Hemochromatosis: Ca, P, Mg in Bowman's layer 
but no Fe.” 

Chronic actinic keratopathy (spheroidal degen- 
eration of the cornea): Ca in corneal spheroids 
in some studies.*° 

Macular corneal dystrophy: Diminished s.+° 
Asteroid hyalosis: Major detectable element Ca, 
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P; presence of S disputed. 

Subretinal pigment epithelium drusen: 
present in some components; K, Cl in 
others. 

Retinitis pigmentosa: No useful information. 
Granular, lattice, and Fuchs's corneal dys- 

trophy: No useful information. 

Topical sulfacetamide, atropine sulfate, and 
tobramycin: Extensive S, Ca in cornea. 


Ca, P 


Solutions Infused into Eye? 
Characterization and identification of 
particles. 


Contaet and Prosthette Intraocular Lenses 
Characterization of opacities. 

Identification of contaminants used in polish- 
ing. 


Industrial or Medicinal Exposure to Heavy 
Metals 

Silver (Argyrosis). 
Mercury. 
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Caleium Determinations in Aqueous** 


Studies of elemental concentration and trans- 
port tn normal cornea, lens, retina, and rett- 
nal pigment epithelium. 

Chloride transport in cornea.*° 

Elemental distribution in normal rat and calf 
lens.*7>*8 

Elemental distribution in rat fetal and 
embryonic lenses: Ca, Cl detected during the 
late embryonic life; S increases as lens fi- 
bers become more numerous .?? 

Normal retina, retinal pigment epithelium, and 
choroid: Ca in retina and retinal pigment epi- 
thelium; P, Ca concentrated in photoreceptor 
cells and in nuclei of Miller cells.?° 
Lipofuscin granules: Contain predominantly Ca, 
Zn in frog.?° 


Melanosomes: Rich in Ca.7? 2% 
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QUALITY CONTROL OF CARDIOVASCULAR WIRE PLUNGE ELECTRODES 


R. P. Kusy and J. W. Buchanan 


Potassium (K+), and hydrogen (pH) and reference 
(R) wire plunge electrodes are used at present 
in controlled animal experiments to map the 
ischemic regions of the heart muscle. During 
manufacture, transportation, and insertion of 
these miniature electrodes into the myocardiun, 
as many as 50% fail. Such losses are costly 
not only because of the time and labor lost 


The authors are at the Schools of Dentistry 
and Medicine, University of North Carolina, 
Chapel Hill, NC 27599-7455. This research is 
supported through the NSF's Duke-North Caro-? 
lina Engineering Research Center by the North 
Carolina Biotechnology Center. Our thanks to 
Ms. Connie Engle of the Division of Cardiology 
for providing the biosensors that were studied 
during this investigation, and the PPG. 


FIG. 1.--Appearance of "good'' K* electrode. 


during the fabrication but also because as 
much as 35% of the electrode array may not 
function, thereby preventing a decisive exper- 
imental conclusion. As a first step to im- 
prove the efficiency of the current generation 
of electrodes, a failure analysis study was 
initiated. Such quality-control evaluations 
have not been addressed in the literature 
previously. 


Haeperimental 


Some K+, pH, and R electrodes that passed a 
millivolt potential test and others that 
failed the same test were investigated by 
scanning electron microscopy (SEM) and energy- 
dispersive and x-ray analysis (EDX). Initial- 
ly, each electrode (0.25 mm in diameter and 


Sponge Silver Wire 


lonophore 
Membrane 


Tefion 


FIG, 2.--Cross-sectional area of K* sensor with asymmetrical sponge layer. 
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FIG. 3.--SEM of a defective K+ electrode with potential drop of only 5 mV. 


FIG, 4,.--EDX of intact membrane surface of Fig. 3. 


FIG. 5.--EDX within the defect of Fig. 3. 
spectrum, 


1 mm long) was sputtered with a 30nm layer of 
Au-Pd and viewed at 100 under the following 
conditions: gamma-1 mode, 20 kV accelerating 
voltage, and 2.0 A condenser lens current. 
Some electrodes were sectioned perpendicular to 
their wire axes and carefully polished to re- 
veal the geometry of their built up layers. 
From x-ray analyses at 20 kV, each layer of a 
K+, pH, and R electrode was characterized, 
thereby permitting the cause of each surface 
failure to be identified. 


Results 


On good electrodes the membrane conformed 
closely to the Teflon (PTFE) coated Ag wire 
with no cracks in the PTFE layer penetrating to 
the Ag wire and no tears in the membrane layer 
penetrating to the Ti sponge layer (Fig. 1). A 
cross-sectional view showed that the dipping 
process could form an asymmetrical layer (Fig. 
2) that, in the limit, could reduce potential 
drops in the pH and K+ electrodes to below the 
acceptable 120 and 30mV levels, respectively. 
In the extreme case, sensors failed because the 


outermost ionophore layer was too thin, a bubble 


in the ionophore layer formed and burst, or 
mechanical abrasion had occurred during some 


Note absence of Ti in this x-ray spectrum. 


Note presence of Ti from sponge layer in this x-ray 


phase of production, storage, transportation, or 


insertion. These failures are easy to confirm 
because x-ray spectra show the presence of 

Ti, a major constituent in the sponge that is 
not present in any components of the iono- 
phore membrane layer (Figs. 3-5). By SEM and 
EDX, fine Al whiskers have been identified as 
a contaminant, stainless steel debris has 

been confirmed on insertion needles, and po- 
tassium crystals have been observed on elec- 
trode surfaces. 


Conelustons 


Good quality control of wire plunge elec- 
trodes requires care during every stage of 
manufacture; that is, purification and filter- 
ing of chemicals, cleanliness of facilities, 
uniform dipping of layers, and appropriate 
drying procedures. On pH and K+ electrodes 
that had non-Nernstian responses, x-ray analy- 
ses often revealed the presence of Ti atoms 
on the surface, a clear indication that there 
was a short circuit through the ion-selective 
membrane. In the future, x-ray analysis will 
be a valuable tool to improve electrode de- 
sign, for example, by the optimization of 
chloridation conditions. 


P E Russell, Ed , Microbeam Analysis—1989 
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Biological Microanalysis 


ROLE OF THE (Na,K)-PUMP IN INTRACELLULAR Na HOMEOSTASIS 


Claude Lechene, Horacio Cantiello, Maryse Crabos, and B. J. Cohen 


The (Na,K)-pump creates and maintains ionic 
gradients beteen intracellular and extracellu- 
jar milieu that are of fundamental importance 
for proper function of mammalian cells. Special 
and general cell processes (e.g., nerve conduc- 
tion, nutrient transport, pH regulation) are 
energized by being coupled to the ionic leak 
pathways that use the potential energy of the 
ionic gradients. Because the sodium gradient 
in particular energizes many vital cell pro- 
cesses, alterations in cell activity will often 
be manifest as changes in rate of sodium en- 
try. The (Na,K)-pump rate varies accordingly 
and maintains a balance between Na entry and 
exit thereby maintaining the potential energy 
of the cell. 

The steady-state intracellular concentra- 
tions of Na and K of most animal cells are 
quite similar. This similarity belies the fact 
that the (Na,K)-pump rate varies by two orders 
of magnitude among cell types (from several 
days to a few minutes), and may vary by 3-4 
fold within the same cell (see below.).*+ This 
remarkable constancy of intracellular composi- 
tion despite great variability in ionic traffic 
in and out of the cell is due to regulatory 
interactions between the pump and leak path- 
ways. As we shall see, acute changes in sodium 
influx are rapidly matched by activation of al- 
ready existing (Na,K)-pumps. This is possible 
because intracellular sodium is normally poised 
on the steep limb of the concentration-vs-~-ac- 
tivity curve for the (Na,K)-pump, at a point 
well below maximal activity, allowing large in- 
creases in (Na,K)-pump rate with only small 
changes in sodium concentration, However, more 
chronic changes in sodium entry are followed by 
insertion of new pumps into the membrane, al- 
lowing intracellular sodium concentration to 
return to its original value. 


Methods 


Intracellular ionic contents are measured by 
electron-probe analysis of cultured cells as 
already described.*~° Cells are cultured 2 to 
3 days on silicon chips. After an experimental 
period, cells on silicon chips are washed in 
cold distilled water (in some cases in isotonic 
ammonium acetate) for a total of 6 s, followed 
by immediate quenching in liquid nitrogen. 
Cells are freeze-dried at -70 C for 6h ata 
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cine and National Electron Probe Resource for 
the Analysis of Cells, Brigham and Women's 
Hospital, and Harvard Medical School, except 
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10-° Torr pressure. Cells are analyzed with 

a 10-15um electron beam, 200nA beam current, 
and 11kV accelerating voltage. Location of 
individual cell is either selected manually, 
targeting the cells by means of the optical 
microscope attached on the electron probe col- 
umn (Cameca MS46) or automatically by record- 
ing of x-ray counts on areas where the phos- 
phorus signal is at least three times higher 
than the background. Cells are moved under 
computer control by a specially designed spec- 
imen stage allowing an area of 8 x 5 cm to be 
explored; locations are retrieved by use of 
optical encoders with a reproducibility of +1 
um in X and Y; focusing is over 2 mm with a 
reproducibility of +0.1 um. A total of 1000 
to 2000 cells are measured per experiment. 
Cells are counted for 10 s. Values of 10 to 
50 cells are averaged per experimental time 
point. K, Cl, and P are selected with a pen- 
taerythritol crystal, Na with a potassium acid 
phtalate crystal. Efficiencies of the spec- 
trometers are calibrated by electron probe 
analysis of dried liquid droplets of known 
composition. Initial rates of Na (and K) 
leaks are calculated as the first derivative 
at time zero of the best fit to the change 
with time in Na (and K) content measured after 
inhibition of the (Na,K) pump. (Na,K)-pump 
rate is measured in three conditions: (1) at 
functional Vax as the initial rate of oua- 
bain-sensitive K influx and Na efflux, in 
cells Na loaded by preincubation in a medium 
lacking K; (a) at steady state, normal low in- 
tracellular Na, as the initial rate of ouabain 
sensitive K influx in cells that had Rb sub- 
stituted for intracellular K during a preincu- 
bation period; and (3) at intermediary levels 
of intracellular Na in cells that had Rb sub- 
stituted for intracellular K during a first 
preincubation period and then had undergone a 
reversible inhibition of the (Na,K)-pump for 
different length of time. The apparent Vmax 
and apparent affinity (Ky) of the (Na,K)-pump 
for Na are calculated from the best fit to a 
Hill-type equation. Calculations are per- 
formed using software programs developed in 
our laboratory and in the NIH Resource 
PROPHET. 


Short-term Regulatton of Changes tn Na Influx 


Normally intracellular Na concentration is 
below the Ky of the enzyme for sodium,® so 
that (Na,K)-pump activity is approximately 
one-third of its potential maximum (Fig. 1). 
The (Na,K)-pump can respond immediately to an 
increase in sodium influx so that a new 
steady state for sodium movement may be 
reached with only a small net gain in intra- 


(mmole K / mole P / min) 


120 

| | 

; | | J 
RPTC IMCD OR6 


FIG. 1.--(Na,K)-pump rates (ouabain inhibit- 
able K uptake) in normal, low intracellular Na 
concentration (white bars), and after sodium 
loading (black bars). RPTC = renal proximal 
tubule cells.* IMCD = inner medulary collect- 
ing duct cells.+” OR6 = transfected cell line. 
(J. A. Epstein and C, Lechene, unpublished ob- 
servations and Ref. 16.) 
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cellular sodium. The activation of the (Na,K)-~ 
pump is likely due to a direct effect of sodium 
on the enzyme. Because sodium constitutes a 
small percentage of the total intracellular 
ionic content, small increases in intracellular 
sodium content are translated into significant 
increases in intracellular sodium concentra- 
tion, and are not blunted by osmotically driven 
water entry. 

In renal proximal tubular cells in short- 
term primary culture, the effective permeabili- 
ty to sodium is the highest that we have mea- 
sured among a variety of cell types, ard ap- 
proximately 80% of total sodium entry flux is 
through Na-H exchange." Activation of Na-H ex- 
change immediately follows intracellular acidi- 
fication by NH4Cl washout, increasing approxi- 
mately three-fold Na influx, restoring intra- 
cellular pH toward normal, but with an increase 
in intracellular Na content. Immediately after 
acidification, (Na,K)-pump rate decreases (pre- 
sumably secondary to the pH change), but in 
jess than 1 min it increases to approximately 
three-fold its control value, Thus, the acti- 
vation of Na-H exchange removes the acid load, 
but at the same time leads to an increase in 
intracellular sodium concentration, This ac- 
tion stimulates (Na,K)-pump rate, thereby com- 
pensating the increase in Na influx and repair- 
ing the alteration in intracellular sodium con- 
centration.” 

Alanine entry into hepatocytes is known to 
occur primarily through Na-alanine co-trans- 
port.’ We studied the effects of alanine on 
ion transport and content in primary cultures 
of rate hepatocytes 38 h after plating.® The 
initial rate of Na influx after (Na,K)-pump in- 
hibition with 1 mM ouabain was 5.3 + 0.5 mmole 
Na/mole P/min in control Ringer solution, and 
increased to 19.8 + 0.4 in Ringer that aiso 
contained 10 mM alanine (p < 0.01, n = 4). 
Alanine application resulted in a doubling of 
intracellular sodium content and'a nearly 
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intracellular sodium content and a nearly 
three-fold increase in ouabain-inhibitable 

Rb uptake (from 7.6 + 2.0 mmole Rh/mole P/min 
in control to 20.0 + 4.0 in the presence of 
alanine; p < 0.5, n= 4). Thus, alanine stin- 
ulates passive sodium entry (by an increase 

in sodium-alanine co-transport) and thereby 
increases intracellular sodium content. As 
the percentage increase in sodium content is 
much greater than the percentage gain in cell 
water (due to alanine accumulation) measured 
by others under these conditions,’ sodium con- 
centration must rise. An increase in intra- 
cellular Na concentration has been confirmed 
by others.?° This increase stimulates the 
(Na,K) pump allowing the pump rate to match 
the increase in sodium influx with an increase 
in sodium content which represents no more 
than a 6% increase in total cation content. 


Long-tern Regulatton of Changes tn Na Influx 


Intracellular sodium concentration may be 
an important signal that controls long-term 
pump regulation. It has been shown that ex- 
posing cells to extracellular K concentra- 
tions low enough to result in reduced (Na,K)- 
pump function leads to an initial increase in 
intracellular Na concentration, but over time the 
Na concentration returns to normal.**~+* The 
cell responds to the reduction in pump activi- 
ty by synthesizing new pumps. Increased pump 
mRNA can be detected after 30 min of exposure 
to low potassium and synthesis of new pumps 
can be found at 24 h.? 

We have studied the development of (Na,K)- 
ATPase activity in short-term culture of rat 
proximal tubule cells during terminal differ- 
entiation. An increase in Ha-H exchange was 
found in cultured cells from rats between 12 
and 15 days of age. This increase in Na-H ex- 
change preceded by two days the wel1-document- 
ed increase in (Na-K)-ATPase synthesis at 
terminal differentiation, Intracellular Na 
concentration was elevated at the time of the 
increase in Na-H exchange [before the increase 
in (Na,K)-ATPase had occurred], but returned 
to normal when the number of pumps had in- 
creased. It was also found that (Na-K)}-ATPase 
activity in single proximal tubules from 20- 
day-old rats that received a continuous infu- 
sion of amiloride (by mini-pump) for 4 days 
was significantly lower than that of animals 
perfused with vehicle alone. Several pieces 
of evidence indicated that the results were 
not due to a generalized effect of amiloride 
on protein synthesis or to a direct effect of 
amiloride on the (Na,K)-ATPase. We concluded 
that the increased expression of the sodium- 
proton exchanger preceded the expression of the 
(Na,K)-ATPase, and that the increase in sodium 
influx through the exchanger may be an impor- 
tant signal for the subsequent development of 
the (Na,k)<ATPase.?*»*° 


Genette Modulation of (Na,K)-~pump and Na and K 
Leak Rates 


In CV-1 cells, a green monkey kidney cell 
line, transfecting a 6.5-kb genomic fragment 
from mouse cells that had been chemically muta- 


TABLE 1.--Proximal tubular cells from 
sive, MNS and hypertensive rats. 


normoten- 


Na; J Na Vinax Ka 


net amil 


MNS 122 +004 (627) 340 435 (5S) 786 +1 1(28) 17 + 0.08 (28) 


W 1 +26 (6) 


157416 (5) 


MHS 1754005 (534) 146423 (6) 823 415 (23) 180 +010 (23) 


p < 0.0002 <04 <05 <0 05 < 0001 


TABLE 2.--Inner medullary collecting duct 
cells from normotensive, MNS and hyperten- 
Sive, MHS rats. 


Na; Ina Vinax K, 
net amil 
MNS) 706 +007 (96) 159413 (2) 7274145 (2) 579 4112 (23) 239 + 04 (23) 
MHS) 760 +009 (127) 666 +080 G3} 7984114 G) 268 +03 @5) 89+ 10 (25) 
P <0001 <002 <04 < 0005 < 002 


Naj: intracellular Na content, in moles x 100.mole P~? (number of cells); JNa: initial rate, in 


mmoles.mole P~? .min™? 


» under control, net, and in the presence of 1 mM amiloride, amil, (number 


of rats); Vmax, apparent maximal velocity of the (Na-K) pump (in mmoles K.mmole P~’.min +); Kp, 
apparent affinity for Na of the (Na,K) pump (in mmoles x 100.mole P™+). 


genized and selected for ouabain resistance 
produced a cell line (OR-6) that displayed in- 
ducible and reversible ouabain resistance. 
Strikingly, when the cells are induced to be 
ouabain resistant, the (Na,K)~pump becomes 
directly inhibitable by amiloride (Kj of ap- 
proximately 300 uM). The (Na,kK)~pump from OR-6 
cells before induction or in cells allowed to 
revert to the ouabain-sensitive phenotype was 
not inhibitable by amiloride. The sodium leak 
pathways in OR-6 cells was not sensitive to 
amiloride whether or not the cells had been 
induced .+°® 

The ouabain-sensitive K uptake rate, a mea- 
sure of (Na,K)-pump rate, was 20.3 + 1.53 (SE) 
mmole K/mole P.min (n = 6) in CV-1 cells and 
fell to 6.4 + 0.49 (n = 6) in transfected but 
noninduced OR-6 cells. At the same time, the 
potassium leak rate fell from 22.0 mmole K/mole 
P/min in CV-1 cells to 10.0 in OR-6 cells (J. A, 
Epstein and C. Lechene, unpublished observa- 
tions, and Ref. 16). This change may be due to 
a physiologic coordination between (Na,K)-pump 
rate and K leak activity, but also suggests the 
possibility of common genetic regulation. 
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(Na,K)-pump Activity and Na Leaks in Two Models 
of Arterial Hyptertenston 


Although total sodium influx rates and amil- 
oride-sensitive influx rates were equal in cul- 
tured proximal tubule cells from spontaneously 
hypertensive rats (SHR) and their nonhyperten- 
sive control, Wistar-Kyoto (WKY), the apparent 
affinity of the (Na-K)-pump for Na was higher 
in SHR rats (Km = 14 mM) than in WKY rats (Kp = 
20 mM). The apparent affinity of the pump for 
ouabain was higher in WKY (Kj = 24 uM) than in 
SHR (Kj = 154 uM). Studies done with K. Swead- 
ner revealed that thea 1 isoenzyme was present 
in both groups with no a 2 or 3 detectable. 
Thus the difference in sodium affinity is not 
due to detectable structural differences and 
may be due to an alteration in cytoplasmic or 
membrane factors in the SHR rats. 

In Wistar Milano rats, genetically selected 
for arterial hypertension, we obtained the fol- 
lowing results in pilot experiments on primary 
culture of renal proximal tubular cells (RPTC) 
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and of renal inner medullary collecting duct 
cells (IMCD).1° In RPTC (Table 1), Na content 
was higher in MHS than MNS. Initial rates of 
leaks of Na (and K) were equivalents both in 
total net flux and in their amiloride sensi- 
tive component. Apparent Vmax of the (Na,K) 
pump were not different but the apparent af- 
finity of the pump for Na (Kp) was lower in 
MHS than in MNS. Thus in this model of hyper- 
tension, an equivalent leak of Na is balanced 
by (Na,K)-pump rate stimulated by an intracel- 
lular concentration of Na higher in hyperten- 
sive than in normotensive renal proximal tu- 
bule cells. In cells from inner medullary 
collecting ducts, the results were very dif- 
ferent (Table 2). Initial rates of Na (and kK) 
leaks were 3 to 6 times lower than in proximal 
cells. Intracellular Na content was slightly 
but highly significantly higher. In experi- 
ment performed in Ringer medium, Na influx was 
2 times higher in MNS with 50% inhibitable by 
107® uM amiloride. The amiloride (107° uM) 
inhibitable component of Na entry appeared to 
be lacking in MHS cells. The steady state 
(Na,K)~pump rates were equivalent, 9.33 + 2.25 
(3) in MNS and 11.2 + 0.55 (3) in MHS (mmole 
K/mole P/min). However, the Vinax and Ky of 
the (Na,K) pump for Na were lower by a factor 
of 2 in MHS compared to MNS. Although the 
cells had an equivalent (Na,K)-pump rate in 
normal, low intracellular Na concentration, 

the amplitude of the responses of the pumps to 
an intracellular load of Na were markedly dif- 
ferent. Such a difference may have profound 
implications for the regulation of whole-animal 
Na homeostasis and the pathogenesis of systemic 
hypertension. 
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ALTERATIONS IN CALCIUM AND SULFUR COMPARTMENTATION DURING 
ANOXTA IN KIDNEY PROXIMAL TUBULES 


Ann LeFurgey, L. J. Mandel, and Peter Ingram 


Many investigators have suggested that the 
movement and redistribution of cellular ion 
contents, especially calcium, play a key role 
in the pathophysiology of irreversible cell 
injury induced by oxygen deprivation.+~* Ac- 
cumulation of calcium in mitochondria, with 
associated structural and functional changes, 
has been postulated as an event leading to ir- 
reversibility.°"® The objective of the current 
Studies was to determine the in situ mitochon- 
drial (and cytoplasmic) calcium content in kid- 
ney proximal tubule cells subjected to anoxia. 
A combination of high-resolution quantitative 
electron-probe x-ray imaging and static raster 
probing was employed (a) to obtain an overview 
of elemental distribution within and between 
cells, and (b) to achieve the statistical pre- 
cision necessary for quantitation of calcium. 


Methods 


Quantitative electron-probe x-ray microanal- 
ysis (EPXMA) was performed on rapidly frozen, 
cryosectioned, and freeze-dried thin sections 
of a suspension of rabbit proximal tubules as 
previous ly described.’ The kidney proximal 
tubule suspension was subjected to anoxia by 


QUANTITATIVE IMAGES 


FIG. 1.--Multielement quantitative imaging 
system (drawing by L. A. Hawkey). 
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allowing the tubules to consume all the oxygen 
in a sealed chamber; samples for EPXMA and for 
ultrasturctural and biochemical analyses were 
taken before anoxia and after 40 min of anox- 
ia" All analyses were obtained from freeze- 
dried cryosections in a transmission electron 
microscope (JEOL 1200EX TEMSCAN) equipped with 
a scanning device, additional hard x-ray aper- 
ture, collimated 30mm? Si(Li) energy-disper- 
sive x-ray detector and multichannel analyzer 
(Tracor Northern 5500), and liquid nitrogen- 
cooled low-background cryotransfer stage 
(Gatan 626). 


Statte Raster Probing. X-ray spectra were 
obtained for 500 s per area from selected cell 
compartments at %-119 C by use of a small 
square raster (0.1-0.06 um?) at 100 000x mag- 
nification with specimen tilt at 35°, acceler- 
ating voltage 80 kV, and beam current of 0.1 


nA. 


X-ray Mapping. Techniques for obtaining 
quantitative elemental x-ray images were per- 
formed as previously described’? with a multi- 
element quantitative imaging system (Fig. 1). 
In this type of analysis, the electron beam of 
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the microscope was computer-controlled to move 
sequentially over the sample; at each pixel 
point an x-ray spectrum was acquired, and quan- 
titation routines were applied. Briefly, 64 

x 64 pixel images were obtained at 10 000x 
magnification (1 pixel = 0.04 um’) for physio- 
logically relevant ions (Na, Mg, P, S, Cl, K, 
Ca) at a beam current of v1 nA and dwell times 
of 1 s per pixel. Thus one can obtain quanti- 
tative data from all intracellular compart- 
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FIG, 2,--Scanning transmission electron micrographs (TEM) and quantitative energy dispersive 
X-ray images for phosphorus (P), sulfur (S), and calcium (Ca) of control kidney proximal tubule 


cryosection. 
for P, S, Ca. 
est content as white. 


in lysosomes, and uniform distribution of Ca in low amounts throughout. 
area (77 pixels) only. 


lysosome; values displayed are average for this 


ments of a cell or several cells in a fraction 

£ the time required for acquisition of data by 
manually placing the beam over selected com- 
partments and acquiring spectra from each re- 
gion independently. All maps were carried out 
at ambient temperature (23 C) with no evident 
specimen contamination. Digital image acquisi- 
tion and spectral processing were performed 
with a multitasking graphics workstation (Vax- 
station 2000, Digital Equipment Corp.); data 
storage, image display, processing, and re- 
trieval of quantitative image information were 
performed with a microcomputer (Macintosh II, 
Apple Computer) . 

All spectral data from static probes and 
maps were processed for real-time quantitative 
analysis!+>1? by the Hall continuum normaliza- 
tion method’* with the peak centroid shift and 
broadening corrections of Kitazawa and col- 
leagues** and appropriate correction for the 
carbon support film thickness. Standards were 
prepared according to the methods of Shuman et 


al. 
The accuracy of calcium measurements was 


confirmed by use of the correlation of Ca Ka 
counts with the first and second derivatives of 


(a) Entire area of section (3600 pixels) used in calculation of content values 
Gray scale relative to quantitative values depicts lowest content as black, high- 
Note increased P content in nuclear heterochromatin, increased S content 


(b) Area circled is 


K K&8 counts to identify detector calibration 
changes in peak centroid position or peak 
widths.?* Ca content was also measured (a) in 
solutions of calcium standards by atomic ab- 
sorption spectroscopy (AA) and (b) in air 
dried films of the same solutions by EPXMA, 
The correlation coefficient for AA-~EPXMA was 
0.998. 

Specimen mass changes due to the electron 
beam or to shift during static probing were 
monitored every 50 s by observation of a plot 
of peak areas and continuum vs time.?* The 
microscope and stage temperatures were raised 
periodically to 150 C and the stage was left 
in the instrument at +70 C when not in use to 
minimize residual contamination in the region 
of the specimen; vacuum was monitored with a 
residual gas analyzer (Ametec Inc.). Following 
initial mass loss at the high beam currents 
used,*® further mass changes were always <1% 
and were assumed to be the same for standards 
and sample. 


Results and Discusston 


Microchemical cell imaging via quantitative 


TABLE 1.--Elemental content of subcellular organelles during basal 


determined from quantitative x-ray images. 


and anoxic conditions as 


Control Anoxia 

S Ca S Ca 
ee epee et Rae ee ae Ee (mmol/kg dry wh) 
Lysosomes 273417 7.2£2.9 233444 -1.2+4.9 
Mitochondria 173+ 9* 2.7£1.0 90+ 8* 3.2+1.3 
Cytoplasm 181+17* 2.7+0.9 55+ 5* 4.741.5 
Nucleus 119+10* 1.742.1 30+ 3* -0.1+2.3 
Values are mean + SEM. 


n = number of areas from each intracellular compartment utilized for calculation of average value. An area, 3x3 pixels or 
3x4 pixels corresponding to ~0.3 to 0.4 m2, was applied to the specified compartments for obtaining quantitative 
averages directly from the computer screen display with the mouse function. 


*P <0.01 relative to lysosomes. 


electron probe x-ray microanalysis was used to 
obtain images of the distribution of all phys- 
iologically important elements at ultrastruc- 
tural resolution. These images were used to 
visualize the alterations in the content of 
all elements in all subcellular compartments -- 
simultaneously--which occur during oxygen dep- 
Yivation. With this technique we have ob- 
tained images of lysosomes, and organelles not 
heretofore identified, and have established 
that after 40 min of anoxia, sulfur-containing 
enzymes are not released from this organelle. 

One could perceive visually from the cell 
images that potassium was higher in nuclear 
than in other compartments under control con- 
ditions and decreased significantly in all 
compartments during 40 min of anoxia. Sodium 
occurred at approximately the same amount in 
all compartments during control states and 
decreased throughout the cell during anoxia. 
An analogous increase occurred in chlorine. 
This influx of sodium and chlorine, and efflux 
of potassium suggested that the cells might be 
swelling during anoxia. In the control cell 
sulfur maps, one to twelve dense spherical re- 
gions were visible, each containing 50% more 
sulfur than adjacent cytoplasmic, mitochon- 
drial, or nuclear areas (Fig. 2). The regions 
coincided with structures visible in correla- 
tive scanning transmission electron micro- 
graphs (STEM), which resembled lysosomal dense 
bodies. The high sulfur content of these 
lysosomal compartments did not change during 
anoxia, although sulfur in cytoplasm, mito- 
chondria, and nuclei decreased to <50% of con- 
trol levels. Calcium also occurred in lyso- 
somal structures, at levels comparable to 
those in other cell areas. Quantitative con- 
tent data (mmol/kg dry wt) were obtained from 
multiple images for each intracellular region, 
as shown in Table 1 for sulfur and calcium. 
The low content of calcium present in all com- 
partments and the standard errors for calcium 
as shown in Table 1 indicate the statistical 
variability obtained with the mapping tech- 
nique for elements present in low amounts when 
resolution is only 64 x 64 pixels and dwell 
time short (1 s). 

Because the mapping data were not statisti- 
cally optimal for calcium, additional data 
from mitochondrial and cytoplasmic compart- 
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ments were obtained with static raster probes. 
A heterogeneity in calcium compartmentation 
was observed in the anoxic tubules, with two 
main populations of cells discernible: (1) 
cells with morphological structures intact but 
with a decreased ratio of K:Na (2:1), an ele- 
vated cytoplasmic calcium content relative to 
control (11.3 + 2.0 [N = 17] vs 4.1 + 1.4 [N = 
23] mmol Ca/kg dry wt), and a mitochondrial 
calcium content which was unchanged (3.5 + 0.6 
[N = 15] vs 3.1 + 1.1 [N = 23] mmol Ca/kg dry 
wt); (2) cells with disrupted brush borders, 
swollen mitochondria and increased vacuoliza- 
tion in which the ratio of K:Na was reversed 
(0.4:1), the cytoplasmic calcium content was 
increased (7.2 + 1.7 [N = 19] mmol Ca/kg dry 
wt), and the mitochondrial calcium content was 
equal to or slightly less than control (1.0 + 
0.9 [N = 20] mmol Ca/kg dry wt). These re- 
sults with respect to calcium are shown in Fig. 
3. This combination of quantitative mapping, 
together with static raster probing to obtain 
high statistical accuracy for calcium, has 
thus yielded comprehensive data on the changes 
in element distribution that occur during 
anoxia. 


Cone lustons 


(1) Net accumulation of calcium occurs in 
the cytoplasm of some of the proximal cells 
during anoxia; (2) no mitochondrial calcium ac- 
cumulation is observed; (3) the dominant cal- 
cium buffering compartment is in the cytoplasm; 
(4) calcium accumulation can be found without 
visible structural cellular damage; (5) lyso- 
somes, which cannot be distinguished from mito- 
chondria in STEM, are immediately discernible. 
via x-ray images of sulfur; and (6) after 40 
min of anoxia lysosomes maintain high sulfur 
content. These data may suggest that sulfur- 
containing enzymes have not been released from 
this organelle. 
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HETEROGENEITY IN ELEMENTAL IMAGES OF CELLS AND TISSUES 


M. E. Cantino, K. T. Izutsu, D. E. Johnson, L. E. Wilkinson, 
R. J. Kayton, and S. W. Chen 


The ability to detect cell-to-cell heterogenei- 
ty can be deemed either a shortcoming or an as- 
set in studies in which electron-probe x-ray 
microanalysis is used. On the one hand, heter- 
ogeneity tends to give rise to large standard 
deviations (and with limited sample sizes, 
large standard errors) in measurements of av- 
erage elemental composition. On the other 
hand, chemical (or biochemical) assays that 

are insensitive to such heterogeneity may over- 
look important physiological variation. We 
have found digital elemental imaging to be an 
important tool in detecting patterns of hetero- 
geneity within cryosections. The information 
gained can then be used for developing subse- 
quent sampling strategies that use both imaging 
and more traditional collection methods. 


Experimental 


Tissue samples were prepared by immersion in 
Freon 22 slush. Cryosections were then cut on 
an MT2B microtome with cryokit, and collected 
on Formvar- and carbon-coated folding grids. 
Samples were freeze-dried in an oil-free vacuum 
system and transferred at slightly above room 
temperature to a JEOL 1200 combined TEM/STEM. 
Data were collected and analyzed by means of 
Link AN10000 and associated software.? 

Two modes of data collection are routinely 
used in our laboratory. In conventional or 
"spot'' analysis a small analog raster is placed 
in a given location for several hundred seconds. 
The location of the small raster and acquisi- 
tion time are controlled by the operator. In 
digital imaging, the field is selected by the 
operator, but a microprocessor positions the 
beam at points in a prespecified matrix. All 
analyses described here were done at room tem- 
perature in the STEM mode. All elemental im- 
ages were collected at 128 x 128 x 16 bits. 
Quantitative data can be extracted from select- 
ed areas of the field as described elsewhere.? 


Results 


Examples of heterogeneity in fields of cells 
are shown in Fig. 1 through 6. Figures 1 and 
2 are STEM and K concentration images of car- 
diac cells poisoned with acetylstrophanthidin. 
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The samples were prepared as one step in a se- 
quence designed to produce reversal of the 
Na:Ca exchanger in cardiac muscle. Under 
these conditions (with the Na:K ATPase 
blocked), the K levels are expected to be very 
low; however, Fig. 2 shows that a small number 
of cells retain very high K levels. High- 
potassium cells seem to be characterized by 
large nuclei surrounded by relatively little 
cytoplasm, and probably represent a different 
cell population (although the poor preserva- 
tion in this case makes cell types difficult 
to identify). 

Figures 3 and 4 are STEM and Ca concentra- 
tion images of human labial glands. Whereas 
morphological distinctions based on the elec- 
tron (STEM) images alone are ambiguous, the 
calcium concentration images indicate two 
populations of cells: those with high calcium 
in their secretory granules (left hand side of 
field), and those with low calcium. Other 
elemental images support this conclusion, as 
do spot analyses on the same samples.? 

Figures 5 and 6 show STEM and K concentra- 
tion images of stimulated rat parotid gland. 
Both the Na (not shown) and the K concentra- 
tion images suggest that there may be consid- 
erable heterogeneity in the response to stimu- 
lation. Several cells in the center of the 
field show much lower K levels than others 
around the periphery of the field. 


Cone lustons 


Although these patterns might have been iden- 
tified by careful collection of randomly se- 
lected spot analyses, a less thorough sampling 
regime could very well fail to detect the 
cell-to-cell heterogeneity so clearly evident 
from the digital elemental images. Thus, even 
if spot analyses are ultimately needed to 
quantify elements present at low concentra- 
tion, digital images are invaluable in reveal- 
ing cell heterogeneity and in developing 
strategies for collecting subsequent data. 
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FIG, 1.--Digital STEM image of rabbit papillary muscle bathed for 120 min in Tyrodes solution 


containing 12 uM acetylstrophanthidin. Bar is approximately 5 um. 
FIG, 2.--Digital K concentration image (K/Brem) of field in Fig. 1. 
high levels of potassium. 


Several cells have retained 


FIG, 3,--Digital STEM image of human labial gland. Bar is approximately 5 um. 


FIG, 4,--Digital Ca concentration image (Ca/Brem) of field in Fig. 3. 
FIG, 5.--Digital STEM image of stimulated rat parotid gland. Bar is 
sition was terminated after approximately 80 lines in this image. 
PIG, 6.--Digital K concentration image (K/Brem) of field in Fig. 5. 


74 


approximately 5 um. Acqui- 
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X-RAY MICROANALYSIS OF NORMAL AND EDIM ROTAVIRUS-INFECTED MOUSE INTESTINE 


A, J. Spencer, M. P. Osborne, and John Stephen 


Rotaviruses are the main cause of virus-induced 
gastroenteritis in infants, accounting for 

over 1 million deaths per annum.’ However, 
until recently, data on the pathophysiology of 
the disease were scarce and/or contradictory. 
Studies of epizootic diarrhea of infant mice 
(EDIM) infection (an excellent model for human 
rotavirus gastroenteritis), showed that a dra- 
matic transient shortening of villi occurs, 
which predictably would leqd to a loss of vil- 
lus absorptive function.? However, diarrhea 

is not due to lactose intolerance.* A dramatic 
reconstruction of villi occurs, involving rapid 
division of cells in villus base regions.? 

Here we present x-ray microanalytical data that 
suggest that stimulation of villus base cells 
to rapid division is accompanied by transient 
accumulation of Na and Cl, the exsorption of 
which into the lumen is the driving force for 
hypersecretion of fluid. 


Methods 


Samples of middle small intestine were ta- 
ken from 9-day-old control mice or mice infect- 
ed 48 h previously with EDIM rotavirus. The 
time point 48 h post infection (pi) was chosen 
for study since this point corresponds to the 
peak of virus antigen in the middle small in- 
testine.’ Tissue was frozen by plunging into 
liquid propane, sectioned at -140 C, and freeze 
dried before analysis in a JEOL 120CXIT elec- 
tron microscope fitted with an LaBs filament 
and Link 860 Series 2 analyzer. Quantitation 
was performed by the Link System QUANTEM pro- 
gram based on the continuum method of Hall,° 
with reference to gelatin/inorganic salt stan- 
dards. 


Results 


By 48 h pi, EDIM-infected mice developed a 
yellowish watery diarrhea as previously de- 
scribed.°** No signs of diarrhea were detected 
in control mice throughout the duration of the 
study. Figure 1 shows a conventional transmis~ 
sion electron micrograph of mouse small intes- 
tine 48 h after infection with EDIM rotavirus. 
Cellular damage was limited to the upper two 
thirds of the villi as indicated by extensive 
cell vacuolation. Cells in the villus base 
region were relatively electron lucent and 
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showed signs of cell division, but no signs 
of vacuolation. At 48h pi, villi were up to 
60% shorter than in age-matched controls and 
there was evidence of cell shedding from vil- 
lus tip regions. No morphological changes 
were seen in the crypt region. Figures 2 and 
3 show typical freeze-dried cryosections of 
mouse small intestine. Concentrations of 
elements in subcellular regions of villus tip, 
base, and crypt cells of control and EDIM-in- 
fected mice are shown in Tables 1 and 2, re- 
spectively. Cytoplasmic data were obtained 
from core cytoplasm, since preliminary results 
showed that elements were evenly distributed 
in the cytoplasm. 

In villus tip cells, Na was significantly 
increased in all subcellular regions, Cl de- 
creased in the cytoplasm and brush border, K 
decreased in the cytoplasm and nucleus, and 
Ca increased in the cytoplasm, after EDIM- 
rotavirus infection. However, the most strik- 
ing changes occurred in villus base cells, 
where Na and Cl were increased dramatically 
in all regions (except brush border for Na), 
but no significant changes were seen in K or 
Ca. No obvious pattern of changes were seen 
in concentrations of elements in crypt cells, 
apart from the increase in Na and Cl in mito- 
chondria, in line with increases in villus tip 
and base cell mitochondria. 


Dtscusston 


The determination of elemental concentra- 
tions in the intestinal mucosa of neonatal 
mice showed that large changes occur during 
infection with EDIM rotavirus. In contrast to 
the study of von Zglinicki and Roomans on in- 
testinal mucosa of adult mice,® no concentra- 
tion gradients were seen across the cytoplasm 
of epithelial cells from control animals, 
Concentrations of Na and Cl were also higher 
than values obtained from adult mice. It is 
possible that these differences reflect the 
fact that tissue was dissected out before 
freezing and not frozen in situ. However, 
comparison of concentrations from control and 
EDIM-infected animals is valid, since all tis- 
sues were treated in the same way. 

Since infection was limited to the upper 
parts of the villi, changes in villus tip 
cells could be directly induced by virus in 
cells. Permeability changes in cell membranes 
occur during entry of viruses into cells.’ 
Such changes have been linked to a switch from 
host cell to virus protein synthesis. Sev- 
eral groups have shown that rotaviruses inhibit 
host cell macromolecular synthesis in vi- 
tro.°°'° The possibility that rotaviruses are 
mediating a switch from host to virus protein 


FIG. 1.--Conventional TEM of 9-day-old mouse middle small intestine 48h pi with EDIM rotavirus. 


Cells in villus tip regions are severely vacuolated. 
region, some of which contain mitotic figures (arrows). 


Note electron lucent cells in villus base 
Scale bar 25 um. 


FIGS, 2 and 3,--Unstained cryosections of mouse middle small intestine, sectioned through villus 
Brush border (arrow), goblet cell mucus (*), 


tip region (Fig. 2) and crypt region (Fig. 3). 
nuclei (N). Scale bars = 5 um. 


synthesis, by altering the intracellular ionic 
milieu, cannot therefore be ruled out. Matura- 
tion of bovine rotaviruses in vitro is a cal- 
cium-dependent process.** The high levels of 
Ca observed in villus tip cells in this study 
could indicate that maturation of EDIM rotavir- 
us is also a calcium-dependent process. 

We have previously proposed that an early 
virus-induced ischemia occurs.*°+* Examination 
of the vascular system in the villi, using a 
histochemical technique (M. P. Osborne, person- 
al communication), shows that blood flow was 
markedly impaired at 48 h pi. Anoxia could re- 
sult in a fall in intracellular pH and carbon 
dioxide tension in tip cells, thus affecting 
Na and Cl absorption by imbalancing of Nat/Ht 
and C1~/HCOZ-coupled antiports.?* Increases in 
intracellular Ca*+ decrease neutral NaCl ab- 
sorption.** Since Ca was significantly in- 
creased in villus tip cells from 24h pi, the 
observed decrease in Cl in tip cells may be due 
to reduced absorption of Cl from the lumen. 

It is interesting to note that the concentra- 
tions of Na and Cl were increased in mitochon- 
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dria in cells from all regions, including 
crypt cells. Whether this result indicates 
that the proposed virus-induced systemic ef- 
fect also affects villus base and crypt cells, 
but to a lesser extent than villus tip cells, 
is not clear. 

Since the rise in Na in tip cells was ac- 
companied by a decrease in Cl, whereas the rise 
in Na in villus base cells was accompanied by a 
rise inCl, itis likely that the changes in these 
two regions were brought about by mechanistically 
different means. A great deal of evidence has been 
accumulated to show that the process of cell 
division involves large changes in monovalent 
ion fluxes.}°°'® In light of the evidence for 
increased cell proliferation in EDIM-infected 
mice, i.e., the increase in thymidine kinase? 
and visualization of cell division outside the 
normal zone of cell proliferation,? it is pro- 
posed that the increases in Na and Cl in villus 
base cells at 48 h pi are consistent with 
changes associated with cell division. Infec- 
tion of villus tip cells with EDIM rotavirus 
results in the stimulation of growth activity 


TABLES 1 and 2.--Concentrations of elements in various subcellular regions of (a) villus tip 
cells, (b) villus base cells, (c) crypt cells from normal 9-day-old mice (Table 1) and 9-day-old 


mice 48 h pi with EDIM rotavirus (Table 2), Results are mean + SEM from 3 animals. n = number 
of observations. Each observation represents one analysis from a individual cell. *p < 0.05; 
student's t test (compared with controls). 
TABLE 1 
(n) CONCENTRATION [mmol/kg dry weight] 

a) TIP CELLS Na Mg ei 5 aal K Ca 
Cytoplasm 93 183: 6 Bo4-D 739% 10 aces 220+ 6 739413 Teil 
Nucleus 39 260: 19 65: 10 878% 29 386: 12 245: 14 962: 42 7:3 
Mitochondria 18 101: 9 30: 10 359: 12 412+ 20 220: 11 522: 15 Bie 2 
Brush border 21 170:19 45412 5864 11 443:14 255: 11 654: 23 10:41 
b) BASE CELLS 
Cytoplasm 80 115: 5 41:4 672413 208: 7 221: 5 T73213 6241 
Nucleus 14 172:14 264 4 932% 22 209: 16 242: 12 867122 6:2 
Mitochondria 20 77:6 14:7 427312 305: 9 210:12 540: 25 2:1 
Brush border 20 198: 9 343 4 4954 23 230: 14 299: 8 758232 Lé2 
c) CRYPT CELLS 
Cytoplasm 60 130: 8 60:4 798% 21 207: 9 SLES T 899: 13 5:1 
Nucleus 17 154: 15 50:9 9212: 33 201: 9 261:12 1008: 25 4:2 
Mitochondria 11 105: 15 41:7 658+ i1 326: 22 155: 9 560213 1-4-1 
Goblet mucus 19 46:4 25:6 148+ 11 471: 25 149: 14 285: 12 235+ 10 
TABLE 2 

{(n) CONCENTRATION [mmol/kg dry weight] 
a) TIP CELLS Na Mg P ve! ir K Ca 
Cytoplasm 69 341416" 78:5" 743220 296+9* 110: 9* 600:18" 252 2" 
Nucleus 17 319419 110+9% 1121: 28" 387412 214: 15 608: 12" 12:3 
Mitochondria 15 289+18 46410 Stig 2s 267: 17" 2672 15* 554: 3 1022 
Brush border 15 Teeter Ste 16 589+ 25 324211" 190% 5" 698: 23 19:4 5 
b) BASE CELLS 
Cytoplasm 71 S773" 26429 792: 18" 205+ 11 426:15" 817219 B21 
Nucleus 32 347:19* 54:5 8722 30 246:+16 400+: 10% 947: 15 ae) 
Mitochondria 14 283418" 54:7 612-13" 326219 271:13" 568: 27 2.28 
Brush border 16 Zak ee 42:7 vO0¢ 2 275419 346: 7" 679: 23 hee oe 
ec) CRYPT CELLS 
Cytoplasm 44 128: 10 4537 935+18* 168: 6" 239: 7* 921: 15 $e: 
Nucleus 17 9527" 72211 1033: 23" 117: 5* 243: 12 991: 47 BS: 8 
Mitochondria 19 190: 24 64:5 736+ 10% 288:15 253: 5* 604214" 62 2* 
Goblet mucus 13 89410" 47:7 177: 16 758: 14" 145: 14 gate See ars 


in crypt/villus base regions, giving rise to an 
increase in intracellular Nat; Cl” then follows 
down a concentration gradient across the baso- 
lateral membrane. High intracellular ion con- 
centrations clearly could provide an osmotical- 
ly assisted mechanism for cell volume expan- 
sion, thereby aiding cell division. It is pro- 
posed that the high concentrations of Na* then 
stimulate activity of NatKtATPase and recycle 
the Na* back across the basolateral membrane. 
Since there is a considerable excess quantity 
of Cl~ beyond that required for volume expan- 
sion, chloride ions are therefore secreted into 
the lumen to provide the osmotic basis for hy- 
persecretion and hence diarrhea, Examination 
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of luminal contents showed that concentrations 
of Na and Cl were significantly increased at 
48 h pi (J. Collins, personal communication). 
Concentrations of Na and Cl in the unstirred 
fluid layer next to villus base cells, as mea- 
sured by x-ray microanalysis, were also in- 
creased at 48 h pi, from 268 and 163 mmol/kg 
dry weight to 578 and 387 mmol/kg dry weight, 
respectively. 

It is perhaps surprising that little change 
was seen in crypt celis. However, this may be 
because the cryosections were not taken 
through the normal area of cell division, which 
is small in neonatal mice, whereas the villus 
base cells present a relatively large area due 


to rapid cell division in the region. Expan- 
sion of the normal zone of proliferation has 
also been documented following ischaemia?’ and 
in foetal tissue.?® 

In conclusion, this paper documents changes 
in elemental concentration in the small intes- 
tine of neonatal mice infected with EDIM rota- 
virus, which suggest that cell division, re- 
quired to replace cells lost from upper parts 
of the villi, may contribute to diarrhea. 
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CRYOMICROSCOPY AND ANALYSIS: PROCEDURES, PROBLEMS, AND PROSPECTS 


Patrick Echlin 


Low-temperature microscopy and analysis, and 
the preparative procedures associated with 
these techniques, have long held out the prom- 
ise of providing the only way we may hope to 
assess the true ultrastructure of cells and hy- 
drated systems together with the in situ local 
concentration of their diffusible elements. 
This promise is based on the assumption that 
the preparative procedures, which revolve 
around carefully inducing a phase change in the 
hydrated state of the sample, do not involve 
any chemical intervention and thus are more 
likely to preserve structures and materials 
closer to their natural hydrated state. In 
addition, it is assumed that by carrying out 
the ensuing microscopy and analysis at reduced 
temperatures, the problems associated with beam 
damage and sample contamination will largely 
disappear. This paper tests the validity of 
these assumptions and assesses how far we have 
progressed in achieving the goal of examining 
and analyzing specimens at high spatial resolu- 
tion while still maintaining their unperturbed 
and natural state. 


The Sample and the Instrumentation 


It is useful first to set out what would be 
considered the ideal specimen for the various 
forms of microscopy and analysis and then con- 
sider the constraints the instrumentation might 
put on the actual form of the sample. Without 
going into detail, we assume that all the in- 
struments used for cryomicroscopy have cold 
stages and specimen-transfer devices that meet 
the following standards.+ 


1. Stage temperature of at least 123 K. 

2. Stage must have XYZ and tilt movements. 

3. Sample must be surrounded by anticontam- 
ination devices at least 20 K colder than the 
stage temperature. 

4, The spatial resolution should be 0.3-0.5 
nm for high-resolution TEM studies and 0.5-10 
nm for analytical studies, 

5. The contamination rate should be no more 
than 1-2 nm/h. 

6. The sample must be transferred into the 
microscope at a temperature of at least 125 K 
and in a frost-free environment. 


The ideal sample for all forms of microscopy 
and analysis would be one in which the water 
has been vitrified, i.e., the water has been 
converted to a high-viscosity glass rather than 
a crystalline solid. In addition, the organic 
and inorganic components of the sample have 


The author is at the Botany School, Univer- 
sity of Cambridge, Downing St., Cambridge, Eng- 
land CB2 3EA. 


79 


been preserved in their natural state and lo- 
cation without resort to either chemical fixa- 
tion or staining. For transmission beam in- 
struments, the specimen must be thin enough 
to allow the majority of the beam energy to 
pass through the sample, a constraint that 
limits specimens to either thin liquid suspen- 
sions or thin sections cut from bulk samples. 
For reflected-beam instruments, the samples 
can be either the natural exterior surfaces or 
interior surfaces artificially exposed by 
fracturing or sectioning. Nonconductive sur- 
faces rapidly assume an electrical charge un- 
less they are coated with a conductive layer 
or examined at low voltage. Lower beam ener- 
gies (ca 1-10 pA) are generally needed to ob- 
tain structural information in contrast to the 
higher beam energies (1-10 nA) needed for mi- 
croanalysis. 


Sample Cooling 


For microscopic and analytical studies it 
is now accepted that optimum sample cryo-prep- 
aration is achieved when very small samples 
are subjected to rapid nonequilibrium cooling. 
The probability of achieving vitrification in- 
creases with the decreased size of the sample 
and the increased speed of cooling. One of 
the major reasons for using cryofixation tech- 
niques is that they are a very effective way 
of immobilizing hydrated samples. The average 
diffusion rate of highly mobile ions such as 
Nat, Cl-, and Kt in water at 300 K is between 
1 and 2 ym/ms or 10 um in 30 ms. At a freez- 
ing rate of 40 kK/s, the first 10 wm of a hy- 
drated biological sample would be solidified 
within 0.5 ms; chemical fixation would take 
between 5-10 s, and even then the sample would 
not be completely immobilized.* By way of 
comparison, physiological events take place 
at 1-5 ms. 

Clearly, rapid cooling is a far more effec- 
tive way of stopping events in cells than 
chemical fixation, although even rapid cooling 
may be too slow to arrest all diffusive pro- 
cesses. The situation with ice formation is 
more complex. The average diffusion rate of 
water at 300 K is about 1.0 um 0.5 u/s and the 
time for translational diffusion and re-orien- 
tation of the water molecule is of the order 
of 10-+*/s. It is thus necessary to lower the 
temperature very rapidly if we are to prevent 
cooling water molecules from moving from the 
random liquid state to the thermodynamically 
more Stable crystalline state. 

Among techniques devised for quench 
cooling are rapid movement of samples into 
liquid cryogens, cryogen jet cooling of sta- 
tionary samples, and impact cooling of small 
droplets or bulk samples onto cold surfaces. 


A very wide range of cooling rates have been 
achieved and they run from a near unbelievable 
10°K/s to a totally unacceptable 10?K/s. The 
numerical hyperbole of the quoted rates is 
frequently misleading, for what really matters 
is the state of the specimen following a par- 
ticular cooling regimen, not some notional idea 
of how fast it was cooled. We need to ascer- 
tain whether the water in the sample has been 
truly vitrified or has been only converted to 
a microcrystalline state. 


Mantpulattion of Frozen Samples 


There can be no doubt that thin (ca 100- 
250nm) liquid suspensions of macromolecules, 
viruses, particles and polymers, and fine 
droplet suspensions can be vitrified. Evidence 
from electron diffraction studies and from the 
observed temperature-dependent phase changes 
of Iy > Ic > In, confirms this view. It is 
fervently believed that the sample material en- 
capsulated in this near-perfect embedding medi- 
um remains unaltered, The final proof is dif- 
ficult to obtain and is based mainly on the 
finding that the structural properties of mac- 
romolecules prepared by these low-temperature 
methods bear a close resemblance to the prop- 
erties obtained either by the more draconian 
conventional methods or by techniques that are 
capable of analyzing wet material (i.e., x-ray 
diffraction). In this respect high-resolution 
transmission electron microscopy and electron 
diffraction of vitrified liquid suspensions is 
now possible and some quite remarkable re- 
sults have been obtained. However, as we shall 
see, the constraints of beam damage put a lim- 
itation on the ultimate resolution that may be 
obtained. 

The situation with frozen sections is much 
less promising; there appear to be no recorded 
examples of vitrified sections having been cut 
from unfixed, unstained, and noncryoprotected 
bulk samples. There has been some measure of 
success in cutting sections of vitreous ice 
formed by condensing water vapor at reduced 
pressure onto a metal block maintained at 77 
K.* Many examples exist in the literature of 
vitrified sections being cut from samples, al- 
though unfixed and unstained are nevertheless 
cryoprotected with glucose, sucrose, or other 
more exotic antifreeze cocktails. Many of 
these chemicals generally provide excellent 
cryoprotection; most cause some tissue shrink- 
age and we have little definitive knowledge as 
to what these materials are doing to the hydra- 
tion shell surrounding many macromolecules, 
The sheer size of bulk samples militates 
against them being vitrified in the unprotect- 
ed state. The following simple calculation 
shows why that may be the case, A 500 um? 
sample of biological tissue when impact cooled 
on a metal surface held at 25 K might have an 
initial cooling rate of 5 x 10* K/s. At the 
very surface of the specimen, in the region 
where there would be a maximum amount of me- 
chanical damage from sample excision and im- 
pact cooling, the sample water might be vitri- 
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fied. But as one progresses deeper into the 
sample, crystallization events would begin to 
occur due to a dramatic decrease in the rate of 
cooling. For many applications, microcrystal- 
line ice with a cell size below the resolution 
usually associated with the transmission elec- 
tron microscopy of sections (2-3 nm) is per- 
fectly acceptable. 

One way around the problem of ice-crystal 
damage in noncryoprotected bulk samples would 
be to use hyperbaric cooling methods.* The 
homogeneous nucleation temperature of water 
Th, which is c. 233 K at atmospheric pressure, 
can be reduced to 181 K at a pressure of 200 
mPa (2 kBar). The rate of cooling required to 
achieve microcrystalline ice throughout a Imm? 
sample is of the order of 5 x 103 k/s. The 
quite remarkable quality of theimages of plant 
material preserved by hyperbaric cooling® at- 
tests to the efficiency of this cooling proce- 
dure. 

The problems that beset vitrifying bulk ma- 
terial for subsequent thin sectioning also ap- 
ply to bulk samples that are to be examined and 
analyzed by scanning beam instruments. The 
water in the surface layers of a noncryopro- 
tected bulk sample will at best only be con- 
verted to microcrystalline ice when cooled by a 
liquid cryogen jet at a rate of 30-40 kK/s. 
(Jet cooling is chosen in preference to impact 
cooling, for although the latter results ina 
faster heat removal, it does so at the cost of 
severe mechanical damage to the surface of the 
specimen--the very region we wish to investi- 
gate.) Heat transfer from below the surface 
and the latent heat of crystallization conspire 
to raise the surface temperature above the re- 
crystallization point of water (130 K) and any 
vitrified material is converted to I, or Ip. 

Even if it were possible to obtain and re- 
tain vitrified surface layers on a bulk sample, 
the processes of transfer into the microscope 
and subsequent examination are also likely to 
favor devitrification. Although transfer de- 
vices and cold stages are now available that 
operate well below Tg, less critical attention 
has been paid in scanning beam instruments to 
insure low rates of sample contamination. Re- 
sidual water vapor all too easily lands on the 
surface of the sample. If the sample tempera- 
ture is low enough the water vapor condenses 
to a vitreous solid. However, this material is 
unlikely to be in good thermal contact and in 
an inadequately protected systems, thermal en- 
ergy radiating from warmer parts of the in- 
struments promotes the transition of Iy to I¢ 
and Ih. The newly formed crystallites could 
in turn promote devitrification in the surface 
layers. For the present we must be content 
with microcrystalline ice in the surface layers 
of bulk samples and resort to cryoprotectants 
if better-quality cryofixation is required 
deeper in the sample. 

To summarize this section on sample cooling, 
the current situation is as follows. 


1. Thin liquid suspensions (2-300 nm) in 
which the samples are embedded in a thin layer 


of water can be vitrified and examined in the 
vitrified state in a transmission beam instru- 
ment. 

2. Although it might be possible to vitrify 
a few micrometers of an uncryoprotected bulk 
sample by impact cooling, there are severe 
problems in cutting and retaining vitrified 
sections from such material. 

3. It is most unlikely that we shall be 
able to observe vitrified surfaces on bulk ma- 
terials by scanning beam instruments. At 
best, the water in the surface layers and the 
interior will be in the form of microcrystal- 
line ice, 


However, we should not become obsessed with 
always obtaining vitrified specimens or even 
samples with microcrystalline ice. Vitrifica- 
tion 7s important for high-resolution cryo-TEM, 
but for all other samples it would be more ex- 
pedient to aim at obtaining ice crystallites 
smaller than the spatial resolution needed to 
solve a particular structural investigation. 
This same aim would also satisfy most micro- 
analytical studies. The alternative approach 
is to explore the usefulness of constructive 
chemical fixation and cryoprotection coupled, 
if necessary, with freeze substitution and 
low-temperature embedding. These combined 
cryochemical preparative procedures are inval- 
uable for many structural and analytical 
studies. 


Psychrochemical Preparative Procedures 


These procedures combine the fast fixation 
and immobilization that may be obtained by 
rapid cooling with the comparative ease of 
processing samples at ambient temperatures. 
These methods are well documented in the lit- 
erature and are particularly useful for low to 
medium resolution (ca 5 nm) TEM studies, im- 
munocytochemical and radiochemical investiga- 
tions, and many x-ray analytical studies. 
Space will not permit a detailed discussion of 
the procedures, but they follow along these 
general lines. Specimens, unfixed or lightly 
fixed in glutaraldehyde and/or paraformalde- 
hyde, with or without cryoprotectants, are 
quench cooled as effectively as possible. 

The water in the hydrated samples may be re- 
moved either by freeze drying or by low-tem- 
perature freeze substitution. The electron 
scattering (contrast) of low mass density 
specimens may be enhanced by the addition of 
heavy metal fixatives such as osmium to the 
freeze substitution brew. The freeze-dried or 
freeze-substituted samples may now be infil- 
trated, at low or ambient temperatures, with 
hydrophilic resins which are polymerized and 
subsequently sectioned. 

The purist may argue that we have strayed 
from the straight and narrow path of nonchemi- 
cal intervention by involving the use of fixa- 
tives, desiccants, and polymers, and it is ap- 
propriate to ask what advantages we may expect 
to gain from such methods. It is argued that 
the structural information from freeze-substi- 
tuted and low-temperature-embedded material is 
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at least as good as (or even superior to) that 
obtained by more conventional ambient tempera- 
ture procedures. On theoretical grounds the 
quality of structural information should be 
better, particularly if no heavy metal fixa- 
tives are used and the dehydration/embedding 
procedure is carried out in a strongly hydro- 
philic polar environment. However, it is of- 
ten very difficult to see any improvement in 
either the quality and/or quantity of structur- 
al information when a careful comparison of the 
images is made. It is unfortunate that too few 
critically comparative studies have been made 
to support these claims, 

By embedding material in hydrophilic resins 
such as Lowicryl and LR White we may be able to 
circumvent the vexing problem of ultracryomi- 
crotomy. Only a few people have been able to 
cut ultrathin frozen sections routinely from a 
wide variety of samples; plant material con- 
tinues to provide a major challenge. There is 
a continuing debate concerning the process of 
crysectioning in unfixed and/or unprotected 
material, although it is now generally agreed 
that thinner and more complete sections can be 
obtained from vitrified material. The pres- 
ence of ice crystals perturbs the cutting pro- 
cess and degrades the quality of the images 
that may be obtained. Such sections, although 
of little use for structural studies, remain an 
important part of many analytical investiga- 
tions. 

The use of light nonmetallic fixation in 
combination with low-temperature dehydration 
and embedding has proved to be a boon for im- 
munocytochemical studies on even the most high- 
ly diffusible molecules. Difficulties remain, 
particularly in choosing the correct timing, 
temperature, and preparative recipe. The res- 
in formulations, embedding schedules, and 
polymerization procedures are both idiosyn- 
chratic and idiopathic. For example, in my 
own laboratory we have more success with LR 
White resin than with Lowicryl and have ob- 
tained good embedding when we have combined 
different components from the two types of res- 
in (unpublished data). Low-temperature fixa- 
tion, dehydration, and embedding have been 
used to great success with some microanalytical 
studies, particularly with studies involving 
the location of heavy metals in tissues. Pre- 
liminary studies have also shown that these 
same procedures may be applicable to investiga- 
tions involving the low-atomic-weight disfusi- 
ble elements. 

In summary, the psychrochemical methods of- 
fer the following advantages. 


1. They are the preparative procedure of 
choice for analytical studies of functional 
molecules and macromolecules. 

2. They appear to offer an alternative to 
cryomicrotomy, although this method will still 
probably be necessary for critical analytical 
studies of diffusible elements. 

3. They offer a marginal, but as yet insuf- 
ficently well documented, advantages for medi- 
um-resolution structural studies. 


X-ray Analytical Studies 


Low-temperature techniques occupy a central 
position in the methods available for the lo- 
calization of diffusible elements such as Nat, 
Cl1~, and K*, although the available technology 
is far from ideal. Chemical intervention is 
generally proscribed because it seriously af- 
fects membrane permeability and hence the nat- 
ural compartmentation of the elements being 
analyzed. Cryofixation avoids these problems 
and, in addition, operates more rapidly than 
chemical fixation. The major disadvantages is 
that there is inevitably some ice crystalliza- 
tion in all but the very smallest sample. The 
consequent structural damage can probably be 
tolerated in most medium-resolution studies 
(ca 100 nm) but becomes a problem at higher 
resolution (25 nm). The phase separation, lo- 
cal concentration changes, and movement of ele- 
ments by the advancing ice front are a problem 
for which there seems to be no answer. It is 
generally assumed that as the cell and tissue 
water is frozen, the dissolved solutes are 
moved to the nearest structural component in 
the cell. These distances are probably quite 
short because the cytoplasm of most cells is 
filled with organelles, vesicles, granules, 
etc., together with the ubiquitous structural 
components of the cytoskeleton. No precise 
figures are available but judging from the 
size of the ice crystal ghosts measured on mi- 
crographs the distances might be of the order 
of 0.1-1.0 um, depending on the effectiveness 
of the initial cooling. 

This elemental relocation is a measure of 
the spatial resolution of the analytical sys- 
tem, and although poor in relation to what can 
be achieved in purely structural studies, still 
permits accurate microanalysis to be carried 
out. The problem comes during the analysis of 
extracellular spaces and the vacuoles of mature 
plant cells. These large watery spaces are 
generally devoid of structural components to 
which the translocated diffusible elements 
could become attached. For this reason there 
must be some uncertainty about both the spatial 
resolution that can be obtained and the exact 
location and local concentration of any diffus- 
ible ions. The ions will presumably be swept 
to the edge of the growing ice crystals which, 
in a largely watery environment deep inside a 
bulk specimen, might be in the size range of 
1-3 um. This patchwork arrangement of ice 
crystals bordered by abnormally high local con- 
centration of elements would be best analyzed 
by some sort of averaging technique using a 
small raster rather than a point source. The 
extracellular spaces must be analyzed in a 
frozen hydrated state rather than a frozen 
dried state because the ice is providing the 
principal structural component that holds the 
sorely displaced elements in place. 


Contrast and Image Formatton 


The contrast of frozen hydrated specimens 
is three to four times lower than that of froz- 
en dried material, which presents problems when 
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it comes to imaging and photography. Phase 
contrast, which may be increased by underfo- 
cusing the image, is an important part of im- 
age formation in fixed-beam instruments. Am- 
plitude contrast is the principal imaging 
mechanism used in the examination of frozen 
dried material. In fully vitrified specimens, 
mass thickness contrast is the dominating con- 
trast mechanism, whereas diffration contrast 
dominates where the ice is in a crystalline 
form, This situation creates a small paradox, 
as the best contrast would thus appear to be 
obtained from noncrystalline material (the 
sample) embedded in a crystalline matrix 
(ice). In all our preparative procedures, we 
aim to obtain an unaltered sample composed of 
ordered and unordered structures embedded in a 
vitrified ice matrix. 

In practice, the process of imaging and 
photography of thin vitrified specimens is 
quite complex, as the following example will 
show.® These workers studied the structure of 
a protein crystal embedded in ice at 130 K and 
found it necessary to record four images of 
each specimen in the following order. 


1. An electron diffraction pattern at a 
dose of 100 e7 nm ?, 

2. A defocused low-dose image of the pro- 
tein crystal at 40 000x at a dose of 500-1000 
e~ nm? 

3. A high-dose image at the same defocus 
and magnification at a dose of 2000-3000 e7 

~2 
v1 age 

4. A second high-dose image at a slightly 
higher defocus, 


In some cases it has been found necessary 
to take an additional picture at lower magnifi- 
cation of material which has been frozen dried 
inside the microscope and cooled back to 130 K. 
The information from the various micrographs 
is analyzed by computer-aided image proces- 
sing. 

The processes of contrast and image forma- 
tion in specimens examined and analyzed at low 
temperatures by scanning beam instruments are 
little different from those used at ambient 
temperatures. Scanning transmission images of 
unstained and hydrated material generally have 
low contrast, although with STEM instruments 
it is possible to form a signal by using the 
ratio between the elastically scattered and 
the low-loss electrons, For very thin samples 
this ratio depends on atomic number only and 
can be used to provide contrast in thin, un- 
stained sections. Frozen hydrated bulk samples 
generally need coating with noble metais for 
structural analysis, or with chromium or beryl- 
lium for analytical studies. It would be in- 
teresting to find out how much structural in- 
formation could be obtained from uncoated fro- 
zen hydrated samples examined at low (100- 
1000V) accelerating voltages. 


Specimen Damage 


Radiation damage has always been a limiting 
factor to ultrastructural studies with high- 


energy beam instrumentation. The processes are 
relatively well understood, although the prob- 
lem of protecting specimens remains unsolved. 
Radiation damage may not prove to be the neme- 
sis of all forms of low-temperature microscopy, 
but it will put limitations on what can and 
cannot be achieved. The damage, which is an 
inevitable consequence of the beam-specimen in- 
teraction that yields the image, falls into 

two main types, 


1. Radiation damage where ionizing radiation 
causes irreversible changes to the microstruc- 
ture and chemical composition of the specimen 
and the embedding medium. This type of damage 
occurs at quite low doses (ca 100 to 1000 e7 
nn~?) and is the principal concern in high-res- 
olution structural studies. 

2. Mass loss, where ionizing radiation 
causes a substantial decrease in the total mass 
of the specimen and embedding medium. This 
type of damage becomes a problem at somewhat 
higher doses (ca 1000-5000 e- nm~*) and 
should be the principal concern with x-ray 
analytical studies. 


Somewhat surprisingly, beam heating of sam- 
ples at low temperatures is of little concern, 
unless the sample is in poor thermal contact 
and/or the cold stage is not cold enough. It 
has been known for some time that the radia- 
tion damage effects are reduced if samples are 
held at low temperatures, There is a burgeon- 
ing literature on the subject and some of the 
earlier studies suggested the cryoprotection 
effect could be several hundred fold. Careful 
cooperative studies’ showed that the radiation 
protection factor is 3-5 fold at 77 K and 
there may be a further decrease in mass loss 
at 4 K.® A wide range of results have been ob- 
tained, which is to be expected considering the 
variables of stage temperature, actual sample 
temperature, specimen chemistry, and dosage. 
Table 1 gives some idea of the total radiation 
doses needed to obtain various types of infor- 
mation from a sample and the doses that begin 
to cause sample damage. The doses, which are 
cumulative, are given as the number of elec- 
trons per square nanometer (e~ nm~?), which 
can be converted to Coulombs per square meter 
(C m-?) by 1 e@ nm™? = 0.160 C m™?. (A Cou- 
lomb is equivalent to a current of 1 A/s.) 

It is now known that ice is an excellent 
source of the free radicals which cause much of 
the damage in frozen hydrated specimens.” A 
dose of ca 1 ke™ nm~? is needed to initiate the 
production of these free radicals. Depending 
on the spatial resolution required in the im- 
age, low-dose microscopy (100-2000 e~ nm?) 
of frozen hydrated suspensions can be used to 
tive valid structural information. Although 
high dosages are generally needed for high-res- 
olution studies, most workers get around this 
problem by taking low-dose photographs followed 
by extensive computer-aided image analysis. It 
is useful to remember the general rule of 
thumb ,+° which states that the spatial resolu- 
tion that may be obtained is 1/1000th the dose 
used in e~ nm ?, This means that the typical 


TABLE 1.--Comparative radiation doses (median 
values at 100 kV and 90 K). 


Information sought Dose (e~ nm?) 
Low dose searching 50 
Diffraction pattern 100 
Low dose imaging 200 
Loss of crystallinity 1000 
Free radical formation 1000 
Ice bubbling 1000 
Mass loss 2000 
Removal of 1 nm ice 3000 
Thick section imaging 1000 
X-ray microanalysis 7500 


low-dose image taken at 90 K does not resolve 
details much below 1 nm. There is thus every 
compunction to use the lowest dose possible to 
obtain the required structural information 
coupled with computer-aided analysis of the low 
contrast images. Much lower doses have to be 
used to obtain high resolution structural in- 
formation using electron diffraction techniques. 

It has been shown? that water is more sta- 
ble under the electron beam than many organic 
materials and that Iy is more stable than ei- 
ther Ic or Ih. In this respect these findings 
confirm that vitreous ice is the best material 
as an embedding material. But Nature never 
smiles kindly for too long, for it is now 
known that radiation damage to organic material 
is exacerbated in the presence of ice.? This 
appears to be less of a problem for material 
completely embedded in ice, but remains a dif- 
ficulty where an ice contamination layer builds 
up on specimens during transfer and observa- 
tion, which creates further difficulties in the 
examination and x-ray microanalysis of frozen 
hydrated sections where the frozen section sits 
on an organic support film. This ice-organic 
material radiation-induced interaction is less 
of a problem with frozen thin suspensions that 
are suspended, unsupported, between the bars of 
a fine mesh electron microscope grid. An addi- 
tional dimension arises from studies that show 
that transitions between ice polymorphs can be 
induced by electron-beam irradiation.’+ The 
ability to convert I, to I, by irradiation at 
the transition temperature remains an interest- 
ing procedure. 

Although mass loss from samples at 90 K is 
generally reduced by a factor of five, this 
rate of loss is still a matter of some concern 
for high-resolution analytical studies. Quan- 
titative procedures depend on knowing the local 
concentration of the element in question in re- 
lation to the mass of the sample in the ana- 
lyzed microvolume. Mass loss changes can af- 
fect the organic matrix, the hydrated phases, 
and even specific elements, and although these 
losses are reduced at low temperatures, they 
cannot be entirely avoided. The bubbling 
phenomena seen in irradiated samples as a large 
number of bubbles develop, fuse together, and 
burst to release volatile components is an 
early manifestation of beam damage and mass 
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loss. The mass loss from frozen hydrated ma- 
terial is greater than the mass loss from fro- 
zen dried material, which is why high-resolu- 
tion x-ray microanalysis is now confined to 
frozen-dried specimens analyzed at low tempera- 
tures. Experiments have shown?” that unless 
great care is taken, residual water vapor in 
the microscope column can form a volatile sur- 
face layer of condensed ice on the specimen. 
Mass loss measurements can thus either appear 
reduced due to water absorbance or increased 
as this layer sublimes and/or contributes to 
the etching rate of the organic material. 


Cone lustons 


Low-temperature microscopy appears to be the 
only way we can hope to obtain the highest-res- 
olution structural information about delicate 
organic and hydrated samples. The limitations 
to what can and cannot be achieved are becoming 
more clearly defined. Very low sample tempera- 
tures, low-dose imaging, and very high levels 
of computer-enhanced image analysis of thin hy- 
drated suspensions appear to be the way for- 
ward, Frozen hydrated sections and sections of 
freeze-substituted material do not seem to pro- 
vide very much more structural information than 
is available by more conventional ambient-tem- 
perature means. However, these types of thin 
preparations together with low-temperature- 
embedded material will form the basis of pro- 
cedures to provide in situ chemical information 
about specimens. In any event, whatever method 
is used to prepare the specimen, it is impor- 
tant that it is examined and analyzed at low 
temperatures. For at 123 K and below, mass 
loss and radiation damage are reduced, contam- 
ination decreases to acceptable levels, and the 
opportunity exist for using the best embedding 
material for hydrated sample, Ice, Finally, 
in case this paper is perceived as representing 
a somewhat iconoclastic view of the subject, 
some general references are included that both 
confirm and counter the views expressed here on 
low-temperature microscopy and analysis,’*»?" 
TEM of thin frozen liquid suspensions ,?">*°® 
and beam damage to frozen specimens.’*?® The 
dearth of specific textual references should 
not be construed as not recognizing the impor- 
tant work of many investigators but as an ac- 
ceptance of the dictum of the notable British 
scientist, J. B. S. Haldane, who stated that 
the test of scientific value is that a finding 
is too true and general and lasting to be as- 
cribable to any individual investigator of the 
past. 
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PERFORMANCE OF A CRYOTRANSFER/COLD STAGE FOR 
A VG MICROSCOPES HB501 STEM 
S. B. Andrews and R. D, Leapman 

Biological electron microscopy and microanaly- | uents in specimens freeze-dried in situ. A 
sis, particularly at high spatial resolution, cryotransfer stage constructed by VG Micro- 
often necessitates the use of a cold stage to | scopes, U.K., for a VG HB501 scanning trans- 
minimize the effects of radiation damage and mission electron microscope (STEM) ,* has been 
mass loss. A cryotransfer capability is also evaluated from micrographs and energy-disper- 
desirable to preserve structures in their '"na- sive x ray (EDX) spectra of hydrated and de- 
tive," hydrated state, and to prevent rehydra- hydrated cryosections of protein-embedded, 


tion artifacts or the loss of labile constit- biochemically isolated nerve endings from 
squid brain. The transfer device and stage 


The authors are at the National Institutes were found to perform well with regard to min- 


of Health, Bethesda, MD 20892. They are in- imum achievable temperature, specimen stabili- 
debted to C. E. Fiori for experimental advice ty under the electron beam, specimen drift, 
and for interfacing and testing the x-ray and EDX spectroscopy. 


spectrometers. 


FIG, 1.--Essential components of VG HB501 cryotransfer system. (a) View of right side of micro- 
scope illustrating cryotransfer probe with bellows (double arrows) and loading port with viewing 
windows (arrow). D is pressurized Dewar for cooling specimen stage. (b) Stainless-steel cryo- 
transfer loading tool and beryllium specimen block (resting on forceps). Arrows indicate jaws 
for clamping specimen block during transfer. Graphite "cir-clip" secures standard 3mm grid to 
the block. 

FIG, 2.--Electron micrographs of cryosection of "synaptosomes"! embedded in albumin matrix. 

(a) Shortly after cryotransfer. Section appears well hydrated; arrow indicates adventitious ice 
crystals picked up during transfer. (b) Following freeze-drying in situ. Clusters of synap- 
tosomes are evident (arrows). Note difference in overall contrast of sections as indicated by 
brightness of grid edge (lower right). Micrographs taken at ca. -175 C. Bar = 1 um. 


85 


Descriptton and Operation of the Cryotransfer 
System 


The design of the cryotransfer stage for the 
VG HB501 field-emission STEM will be described 
elsewhere.? Here we only summarize the basic 
principles of operation as a basis for discus- 
sing performance. The actual low-temperature 
specimen loading device (Fig. la) consists of 
a cold transfer probe with bellows (double ar- 
rows) and an airlock chamber with viewing win- 
dows (arrow). A removable specimen block, 
constructed with beryllium to minimize x-ray 
generation for EDXS, is attached to the tip of 
the transfer probe within the airlock by means 
of a stainless steel transfer tool (Fig. 1b). 
The transfer probe is cooled by liquid nitro- 
gen sucked through a tube along its center by a 
laboratory vacuum line. A standard 3mm grid 
is loaded into the block under liquid nitrogen 
and clamped into position by a graphite "cir- 
clip.'"' To optimize x-ray collection, the plane 
of the grid in the block is tilted 20° and one 
side of the block is cut away. 

The block is delivered to the cold stage by 
a series of clamp transfers. The block is 
first clamped in the transfer tool (Fig. 1b) 
under liquid nitrogen, then inserted into the 
airlock and attached to the end of the cold 
probe by a second set of clamps; the transfer 
tool is then unclamped and withdrawn, After 
roughing and fine-pumping of the airlock, the 
probe is inserted into the cold stage, where a 
third clamp is tightened by means of the x-tilt 
motor control. After the transfer probe is un- 
clamped, the rod is removed and the airlock 
gate valve is closed. Sample temperature is 
controlled by the flow of cold nitrogen gas 
supplied to passages within the cold stage from 
a thin stainless-steel tube coiled so as to 
minimize vibration coupling. An insert heater 
within the cold stage is available to adjust 
the temperature above the minimum, The speci- 
men chamber vacuum typically stabilizes at 3 x 
107° mbar with the cold stage in operation. 
The cryotransfer stage is incompatible with 
specimen tilting, but if necessary this stage 
can be replaced with the standard stage and 
double-tilt cartridge to permit room tempera- 
ture tilting. 


Performance 


Measured Temperature. The temperature of 
the transfer probe, as measured by means of a 
calibrated copper-constantan thermocouple at- 
tached to a specially fabricated test block, 
was found to reach below -175 C within 10 min 
of cooling down. After transfer into the col- 
umn, the specimen temperature was estimated to 
be below -180 C by measurement of the output of 
the chromel-alumel thermocouple that is an in- 
tegral part of the cold stage and is located 
close to the specimen. Hydrated samples re- 
tained water in the form of loose ice crystals 
on their surface for 4 h or more. On warming, 
the free ice was lost at ca. -110 C (according 
to the cold-stage thermocuple), which is gener- 
ally consistent with known values.* "Tissue 
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water" from the cryosections was lost at 
slightly higher temperatures (-105 to -100 C). 


Mechantcal Stability. At room temperature 
the drift was measured as better than 0.01 
nm/s (i.e., essentially undetectable over 15 
min). At the lowest temperature (at or below 
-175 C) the drift was about 0.04 nm/s after a 
wait of 2 h to reach thermal equilibrium; 
larger drift rates were observed just after 
the sample block was inserted into the stage. 
We could reach signficantly lower temperatures 
(ca. -190 C) by allowing liquid rather than 
gaseous nitrogen to pass through the stage, 
but vibration occurred under these conditions. 


Contaminatton and Beam Stability. In gen- 
eral, no detectable ice contamination or etch- 
ing of a thin carbon film occurred at or below 
-175 C after several hours of operation at a 
vacuum of 3 x 10°? mbar in the sample chamber. 
(On a few occasions, a small amount of ice 
contamination was evident after several hours; 
it is not known how these specimens or condi- 
tions differed from the norm.) At this tem- 
perature, etching of hydrated sections was not 
significant at electron doses below 102: oF 
nm™*, In addition, cooling the sample totally 
eliminated hydrocarbon contamination, even in 
the case of a “dirty” sample. 


Example of Applicatton. The cryotransfer 
stage was tested by the transfer of hydrated 
cryosections into the HB501 STEM. The cryo- 
sections were cut from a block of directly 
frozen squid brain "synaptosomes" (i.e., me- 
chanically pinched off, resealed, and isolated 
nerve endings) suspended in an artificial sea- 
water solution and embedded in a 10% (w/v) bo- 
vine serum albumin matrix, The sections were 
examined in the hydrated state and then dehy- 
drated under controlled conditions. EDX spec- 
tra were recorded to test the performance of 
the stage for microanalytical applications and 
also to ascertain the success of the cryo- 
transfer and in situ freeze drying for preserv- 
ing the distributions of diffusible elements 
in cells. Cryosections of synaptosomes were 
chosen because they have been previously char- 
acterized by analytical electron microscopy. 

A dark-field STEM micrograph of a hydrated 
cryosection, supported on a Formvar- and car- 
bon-coated copper grid at ca. -175 C, shows 
several small hexagonal ice crystals due to 
frost carried in during the transfer (Fig. 2a, 
arrow). Apart from these ice crystals and 
some compression and knife marks, contrast 
within the section is very low. This lack of 
visibility of internal structure in the hy- 
drated section, as well as the high contrast 
relative to the support film, is indicative of 
ice retention during cryotransfer. Figure 
2(b) shows the same section after it was warmed 
to -100 C for several h and recooled to ca. 
-175 C. The ice has entirely sublimed and 
typical section shrinkage has occurred. Over- 
all contrast of the dried section is much 
lower, but internal structure is now visible; 
the arrows indicate clusters of synaptosomes. 
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FIG, 3.--EDX spectra (UTW detector) of a cryo- 
section of synaptosomes in an albumin matrix. 
Dashed spectrum: 5 <x Sum area of a frozen-hy- 
drated section at ca. -175 C. Solid spectrum: 
Similar area following freeze-drying at ca. 
-~100 C and recooling to ca. -175 C; loss of 
oxygen x rays is major change. 


An EDX spectrum (Fig. 3) from a region of 
the hydrated section containing mainly matrix 
was recorded by a Tracor Northern Micro-ZHV 
ultrathin window (UTW) EDX detector and a Tra- 
cor TN5500 analyzer. The spectrum is dominated 
by the O Ka x rays at 0.52 keV due to the ice, 
although sodium (1.04 keV) and chlorine (2.62 
keV) from the seawater solution are evident. 
After dehydration the oxygen line has almost 
disappeared and the bremsstrahlung is much low- 
er, but the sodium and chlorine peaks are es- 
sentially unchanged; this result is consistent 
with loss of water but not of diffusible ions 
on drying. Spectra acquired after dehydration 
(Fig. 4) show the presence of several elements 
(Na, Mg, P, S, Cl, K, and Ca, as well as C and 
0) in amounts typical of biological tissue in 
general and of this preparation in particular. 


Specifically, quantitation (ML fitting) of 
spectra from the matrix (whose composition is 
known by chemical assay: Na = 405, Mg = 45, 

Cl = 470, K = 9, and Ca = 9 mmol/kg wet weight) 
permits an estimate of relative elemental sen- 
sitivities (k-factors) for the UTW detector 
that reflect a major improvement in the detec- 
tability of low-Z elements. By using the ma- 
trix as an "internal standard" for quantifying 
the composition of the nerve endings, we can 
further demonstrate that the elemental concen- 
trations within tissue compartments are con- 
sistent with previous values obtained on tradi- 
tional AEMs (unpublished data). For example, 
the average potassium concentration of several 
synaptosomes measured here was 306 mmol/kg wet 
weight, as compared with an expected concentra- 
tion of 300 mmol/kg. The results suggest that 
established methods of biological microanaly- 
sis® can be readily applied on the HB 501 STEM 
with cryotransfer stage, with the added sensi- 
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FIG. 4.--EDX spectra and preparation as in 

Fig. 3, following freeze-drying and recooling 
to ca. -175C. Solid spectrum: sum of four spec- 
tra from representative 0.5 0.5um regions of 
albumin matrix, essentially similar to (and in- 
cluding) solid spectrum in Fig. 3. Dashed spec- 
trum: sum of the contents of four synaptosomes 
(each analysis area 0.1 x 0.1 um). 


tivity advantages of an ultrathin window de- 
tector. 


Cone Lustons 


The cryotransfer system on the VG HB501 
STEM is thermally and mechanically stable at 
temperatures below -175 C, and provides a very 
clean specimen environment under these condi- 
tions. In combination with a high-brightness 
field-emission gun, this performance appears 
to be more than adequate to realize some im- 
portant advantages for biological electron mi- 
croscopy: 


1. For microanalysis, a stable, low-temper- 
ature stage in a very clean environment vir- 
tually eliminates the contamination and beam 
damage that would otherwise accompany the high 
electron flux delivered by a field-emission 
gun. This configuration facilitates the mea- 
surement of low concentrations of biological 
elements within small structures in dried 
cryosections, e.g., the determination of cal- 
cium at concentrations on the order of 107" M 
in organelles only 20-50 nm in diameter. 

2. The mechanical stability of the stage 
suggests that this instrument should be favor- 
able for x-ray-based elemental imaging, since 
drift corrections will be less problematical.°® 
Such stability is also desirable for an imag- 
ing system that uses parallel electron energy 
loss detection. 

3. Regarding frozen-hydrated preparations, 
the thermal and mechanical stability of the 
cold stage recommends this microscope for 
high-resolution observations of biological 
structures embedded in thin films of vitreous 
ice. The performance of the HB501 for low- 


dose, high-resolution imaging of hydrated spec- 
imens is now being tested. 
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PARALLEL EELS MICROANALYSIS OF CELLS 


R. D. Leapman and C. R. Swyt 


The recent implementation of parallel detec- 
tors has greatly improved the signal-to-noise 
ratio that is attainable in electron energy 
loss spectra (EELS).1~* It has now become 
possible to measure physiological concentra- 
tions of elements producing extremely weak fea- 
tures in the spectrum.? EELS is not only sen- 
sitive to the very low atomic number elements 
(e.g., carbon, nitrogen, oxygen, and fluorine) 
through the K-shell excitation, but the tech- 
nique is also sensitive to other important ele- 
ments (e.g., phosphorus, sulfur, chlorine, 
calcium and iron) through the L-shell excita- 
tion.° However, certain elements are best de- 
tected by energy-dispersive x-ray spectroscopy 
(EDXS), either because of edge overlap (e.g., 
potassium) or because of unfavorable ioniza- 
tion cross sections (e.g., sodium and magnesi- 
um). For measurement of diffusible ions in 
dried cryosections EELS should therefore be 
used in conjunction with EDXS. When elemental 
concentrations are low, energy-loss spectra 
can be quantitated by means of reference 
spectra by similar procedures that are avail- 
able for x-ray microanalysis. Acquisition of 
first-difference or second-difference energy- 
loss spectra is another useful processing 
technique for detecting and measuring weak 
core loss signals. This method, which was 
first applied by Shuman et al.,°»”’ not only re- 
moves channel-to-channel gain variations from 
the spectrum but also removes the slowly vary- 
ing background. The purpose of this paper is 
to demonstrate how a commercially available 
parailel detection EELS system can be used to 
analyze a range of elements in cells by appli- 
cation of these processing techniques. 


Experimental 


Spectra were obtained at 100keV beam energy 
with a Hitachi H700H analytical electron micro- 
scope equipped with a Gatan Model 666 parallel 
detection electron energy loss spectrometer de- 
scribed previously by Krivanek et al.’ In this 
system the energy dispersion is magnified by 
post-spectrometer quadrupole lenses and the 
inelastically scattered electrons strike a YAG 
scintillator. The detector consists of a 
1024-channel photodiode array that is read out 
serially in 12 ms. Spectra were acquired in 
the scanning transmission (STEM) mode with a 
dispersion of 0.5 eV per channel and with in- 
tegration times of the order of 100 ms. A 3mm 
spectrometer entrance aperture was sleected to 
collect electrons scattered through a semi- 
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angle of approximately 30 mrad at the specimen. 
Count rates were sufficiently high for the de- 
tective quantum efficiency to be close to 
unity. The digitized output of the photodiode 
array was sent over a parallel line to a Tra- 
cor Northern TN5500 computer, which controlled 
data acquisition parameters such as the inte- 
gration time, the number of read-outs, and the 
voltage applied to the spectrometer drift tube. 
Each photodiode count corresponded to approxi- 
mately 30 incident fast electrons. Spectra 
were transferred to a DEC PDP11/60 computer in 
order to apply a multiple least-squares fit- 
ting procedure and were transferred to a Macin- 
tosh computer for plotting. 


Second-differenee Reference Spectra and 
Quantitation 


In order to detect very weak core edges it 
is important to remove from the spectrum the 
channel-to-channel gain:.variations of the 
photodiode array, which in our case typically 
have a root mean square value of 0.5%. Sever- 
al techniques for eliminating the gain varia- 
tions are available, as described by Shuman and 
Kruit.® We adopt the second-difference method, 
which is equivalent to applying a top-hat digi- 
tal filter, thereby enhancing sharp features 
while suppressing the slowy varying background. 
The "filtering" operation is achieved by suc- 
cessively acquiring three spectra with -A, +A, 
and zero voltages applied to the electrically 
isolated drift tube of the spectrometer. If 
the original spectrum is I(E), the second dif- 
ference is given by I"(E) 21(E) - ICE +A) - 
I(E - A). The magnitude of the offset A should 
be matched with the width of the sharp peak at 
the core edge to optimize the signal/noise 
ratio. We find that the optimum value for A is 
typically around 6 eV. 

Figure 1 shows second-difference reference 
spectra acquired with A = 6 eV for the phos- 
phorus L,;, sulfur L2;, chlorine L,;, carbon 
potassium L,;, calcium L,;, nitrogen K, iron 
L23, sodium K, and magnesium K edges. They 
were recorded from thin samples of pure com- 
pounds (NaCl, NaH2PO,, MgSO,, KC1, CaCl1,, 
FeSO,, and insulin) supported on carbon films. 
The near-edge structure is strongly enhanced by 
the second-difference filtering. For some 
edges like calcium and iron most of the struc- 
ture is contained within 20 eV of the edge and 
we can therefore best utilize this part of the 
spectrum to detect low elemental concentrations. 
In fact, the enhancement of the so-called 
"white-line' intensity by the filtering opera- 
tion has already been shown to yield excellent 
detection limits for calcium.®’’ The second- 
difference filter is similar to the top-hat 
filter commonly used to quantitate energy-dis- 


K, 


COUNTS 


a 
P 
Ss 
Ci 
00 140 180 220 260 30 


ENERGY LOSS (eV) 


00 240 280 320 360 400 44 


1 0 


COUNTS 


COUNTS 


2 0 


ENERGY LOSS (eV) 


COUNTS 


| 


con 
300 


250 450 


ENERGY LOSS (eV) 


persive x-ray spectra, but whereas in EDXS 
peak widths remain quite constant, energy reso- 
lution and natural peak shape can vary in EELS 
complicating quantitation considerably. In 
general, near-edge fine structure depends on 
the chemical bonding environment of a particu- 
lar atom. Not only can the edge shape change 
from compound to compound but it can also 
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FIG, 1.--Second-difference reference spectra 
recorded in TEM mode at 100keV beam energy and 
with A = 6 eV; (a) Pp Los; ) Lag; and Cl Las; 
(b) C K; (c) K Lg3, C Los, and N K; (d) 
Fe L233; (e) Na K and Mg K. Nitrogen and sul- 
fur reference spectra were obtained from in- 
sulin; reference spectra for other elements 
were obtained from inorganic salts. Note over- 
lap of C K and K L 3 edges. 


change as a function of incident dose because 
of radiation damage. Fortunately, for some 
elements, e.g., calcium and phosphorus, the 
edge shape and energy remain nearly constant. 

Spectra were quantitated by fitting to the 
second-difference reference spectra (Fig. 1) 
using a multiple linear least-squares (MLS) 
procedure. The method is similar to that used 
to quantitate EDXS spectra. However, for en- 
ergy loss spectra the method must take into 
account plural inelastic scattering,’ °° which 
is achieved by generating plural scattering 
reference spectra from convolution of the car- 
bon low-loss spectrum with the single-scatter- 
ing core edge spectrum. The fit is performed 
iteratively by forcing the plural scattering 
coefficients to be the same at each edge.® 

Atomic ratios of elements were obtained by 
use of SIGMAK and SIGMAL cross sections® to- 
gether with the fitting coefficients produced 
by the multiple-~least-squares fitting proce- 
dure. 


Examples of Applications 


In order to demonstrate the potential of 
parallel-detection EELS for analyzing a range 
of elements in cells we present some typical 
spectra from dried cryosections of rapidly 
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FIG. 2.--Second-difference spectrum from cryosectioned nucleus of pancreatic beta cell (dots) 
and MLS fit (solid line): (a) in region of phosphorus, sulfur, and chlorine L,, edges; (b) in 


region of calcium L,,; edge. 
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FIG. 3.--Second-difference spectrum from extracellular medium in cryosection of pancreatic islet 
of Langerhans (dots) and MLS fit (solid line): (a) in region of chlorine Lz, edge, (b) in region 


of calcium L,; edge. 


19 Sec- 


frozen pancreatic islets of Langerhans. 
ond-difference spectra were recorded in the 
STEM mode with a probe current of 0.5 nA. 
Figure 2(a) shows such a spectrum (dotted 
line) from a beta cell nucleus recorded with a 
total integration time of 120 s. The relative 
sample thickness was approximately 0.5 inelas- 
tic mean free paths. The multiple-least- 
squares fit for the carbon, phosphorus, sulfur, 
and chlorine reference spectra (solid line) is 
seen to follow closely the experimental data 
for the nucleus. The atomic concentrations of 
P, S, and Cl are in the ratios 1:016 + 0.09: 
0.05 + 0.06,in reasonable agreement with simul- 
taneously recorded EDXS measurements. However, 
the EELS analysis gave uncertainties in S and 
Cl concentrations that were a factor of about 
5 greater than for the EDXS analysis. These 


larger uncertainties are attributed to the 
overlapping fine structures of the P, S, and 
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C1 Lz, edges. The calcium Lj, edge is not de- 
tected when Ca and C reference spectra are 
fitted over the energy range 300-400 eV (Fig. 
2b), again consistent with x-ray results show- 
ing a low calcium concentration in the nucle- 
us. The fitting procedure gives a Ca/C atomic 
fraction of (-0.1 + 1.3) x 107*, Potassium is 
present at a much higher concentration than 
calcium but it is much more difficult to quan- 
titate because of the overlap of the K Lz; and 
C K edges (Fig. 1). If the carbon K edge shape 
is known, potassium measurement is possible by 
fitting reference spectra.® However, in this 
sample the carbon K edge differs significantly 
from the available reference spectrum and EELS 
analysis of potassium was not feasible. 

Figure 3(a) shows the sum of two spectra 
from a region of extracellular matrix in the 
pancreatic islet, recorded with a total inte- 
gration time of 240 s. The chlorine and car- 
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FIG. 4.--Second-difference spectrum from cryosectioned granule of pancreatic beta cell (dots) 


and MLS fit (solid line): (a) in region of phosphorus, sulfur, and chlorine L,, edges; 


region of calcium L,, edge. 


bon reference spectra show a satisfactory fit 
(solid line) to the experimental data (dots). 
The chlorine L,, edge (200 eV) is easily visi- 
ble as a series of peaks extending over some 

80 eV. The element is present at a dry weight 
concentration of about 1600 mmol/kg (including 
the carbon film) which corresponds to a chlor- 
ine atomic fraction of 1.9 x 10°?. Figure 3(b) 
shows the same spectrum (dotted line) in the 
region of the calcium L,, edge (348 eV). The 
multiple-least-squares fit (solid line) to the 
carbon and calcium reference spectra is again 
satisfactory and yields a Ca/C atomic fraction 
of (3.6 + 1.8) x 107" or a dry weight concen- 
tration of 30 mmol/kg. Although the sodium 

L,, edge was easily visible at 1080 eV, fitting 
the reference spectrum in Fig. l(e) gave sig- 
nificantly larger uncertainties than for EDXS 
analysis. Neither sodium nor magnesium appear 
well suited for EELS microanalysis: the K 
edges are high in energy and therefore have 
relatively low ionization cross sections, and 
the L edges cannot be utilized because they are 
too low in energy and overlap with the valence 
electron spectrum. 

An attempt was made to fit the spectrum from 
insulin-containing beta cell secretory granules 
in the same specimen over the range 120-220 eV. 
Figure 4(a) shows the sum of spectra from 
three beta granules obtained with a total in-~ 
tegration time of 360 s. The phosphorus edge 
is evident but the least-squares fit is not 
good in the region of the sulfur edge, perhaps 
because of differences in near~edge fine struc- 
ture between the reference compound and the 
beta granule. Although the granule thickness 
is relatively high (11.2 inelastic mean free 
paths) the multiple-least-squares fitting pro- 
cedure is expected to be valid.® The fit of 
reference spectra is more satisfactory in the 
range of 300 to 400 eV (Fig. 4b) where calcium 
is detected at an atomic fraction Ca/C of 
(1.9 + 0.5) x 10°", i.e., a dry weight concen- 
tration of 116 + 4 mmol/kg. 
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FIG. 5.--Second-difference spectrum from cryo- 
sectioned rat erythrocyte in region of Fe lL, 
edge (dots) and MLS fit (solid line). 


In order to demonstrate the sensitivity of 
iron measurement by parallel EELS we have ob- 
tained spectra from cryosectioned erythrocytes 
in rapidly frozen rat liver. Figure 5 shows 
the second difference spectrum acquired in the 
STEM mode by scanning the electron probe over 
a 100nm square region of an erythrocyte 1.2 
inelastic mean free paths thick. The total in- 
tegration time was 40 s and the probe current 
was 2.0 nA. The Fe L2., edge reference spectrum 
(solid line) closely fits the experimental data, 
The MLS procedure gives an Fe/C atomic fraction 
of (6.7 + 0.6) x 10°" in agreement with x-ray 
measurements. In fact from simultaneously re- 
corded x-ray spectra’’ we find that sensitivi- 
ties for iron detection are about equal for 
EELS and EDXS. 


Conelustons 


We have demonstrated how the Gatan parallel 
detection spectrometer can be used to measure 
not only low atomic number elements, the major 
constituents of cells, but also heavier ele- 
ments that have traditionally been analyzed by 
EDXS. With EELS such elements are best de- 
tected from their L,, edges and by fitting 
reference spectra for quantitation. As found 
by Shuman et al.° application of a second-dif- 
ference filter removes channel-to-channel gain 
variations while suppressing the high back- 
ground and enhancing weak peaks typical in 
spectra from biological samples. We have also 
pointed out some problems such as the occur- 
rence of edge overlaps (e.g., carbon K and po- 
tassium L,;); the relatively low signals that 
are generated for some important elements 
(e.g., sodium and magnesium); and changes in 
fine structure as a function of chemical bond- 
ing that can complicate quantitation. 
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SEMI-AUTOMATED SELECTION OF OBJECTS FROM DIGITAL STEM IMAGES 


J. G. Wong, D. E. Johnson, and M. E. Cantino 


High-resolution digital elemental images ac- 
quired with electron-probe x-ray microanalysis 
are fast becoming essential components in stud- 
ies of subcellular elemental localization. 
Elemental images provide not only excellent 
visual representations of subcellular elemental 
distributions, they contain also enormous quanti- 
ties of data collected essentially without 
operator bias.+~° Several groups have recently 
developed methods for quantifying these images 
from both freeze-dried and hydrated cryosec- 
tions.*»°>”? Approaches for calculating aver- 
age concentrations for specific objects or sub- 
cellular spaces from these images have also 
been described. These procedures require iden- 
tification and isolation of objects either man- 
ually, with graphics tools, or automatically, 
by intensity thresholding.’»°® Whereas these 
selection methods are often successful and ef- 
ficient at defining areas or objects from im- 
ages, cases such as the isolation of multiple 
objects, small objects, or objects that have 
intensities similar to other structures in the 
image would benefit from more refined selection 
procedures. This paper describes how simple 
image processing routines were implemented for 
selecting and segmenting multiple small objects 
from a digitized scanning transmission electron 
microscope (STEM) image. The procedures de- 
scribed work equally well for both STEM and 
elemental images, but their most useful appli- 
cation is for selecting objects from STEM im- 
ages, where thresholding methods often include 
unwanted structures. 


Instrumentation and Image Collection Conditions 


Digital STEM and elemental images of freeze- 
dried cryosections were acquired as described 
elsewhere’ in a JEOL 1200 scanning transmission 
electron microscope fitted with a Link AN10000 
Si(Li) drifted x-ray detector. Image resolu- 
tion was either 512 x 512 pixels for STEM im- 
ages collected without accompanying x-ray de- 
tection, or 128 x 128 pixels when x-ray images 
were also collected. Routines for carrying out 
image arithmetic and image convolutions are 
resident in Link's DIGIPAD suite of programs 
and routines for segmenting images were written 
by use of the Link Fortran compiler. 
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Feature Selectton 


The example used in this report is the se- 
lection of secretory granules from a digi- 
tized STEM image of rat parotid salivary gland 
(Fig. la). The large number of granules pres- 
ent and their uniform electron density sug- 
gests that intensity thresholding should be 
used for their selection. Unwanted structures 
such as mitochondria, which have intensities 
similar to granules, were excluded by the for- 
mation of three large binary masks correspond- 
ing to regions containing only granules and 
cytoplasm; these masks were then multiplied 
with the original image to retain only the 
masked regions (Figs. lb-d). Although mito- 
chondria were eliminated manually by inten- 
tional exclusion from the masks, other de- 
scriptors, such as shape factors or elemental 
content, could have been used to differentiate 
the organelles.’°?91° The threshold intensity 
range for selecting granules from this reduced 
image was chosen by determining which peak in 
the histogram of intensity levels corresponds 
to granules (Fig. le). Figure 1(f) shows the 
image that remains when only the pixels with 
intensities lying in the granule peak are re- 
tained. The image is now composed only of 
granules and points considered to be noise. 

Various methods are available for eliminat- 
ing noise from images ,? 27} In this example, 
erosion and dilation matrices** were applied 
for sequential stripping and addition of pixel 
layers from and to the borders of objects. 

The result of this procedure was to remove the 
noise while proper shapes for individual gran- 
ules were maintained (Fig. 1g). 

Superimposing the final mask on the orig- 
inal image is the simplest way to assess the 
success of the selection procedure. Edge en- 
hancement filters applied to masks made from 
high-resolution (e.g., 512 x 512 pixel) im- 
ages offer another means for determining the 
accuracy of mask fit. Only the outlines of 
the individual granule masks remain after ap- 
plication of a gradient filter (Fig. th); 
superposition on the original image illustrates 
that the selection procedure was able to re- 
tain nearly all of the granules and reproduce 
most of their individual shapes. 


Image Segmentation 


Once masks are made, they can be easily ap- 
plied to the corresponding elemental images and 
average concentrations calculated over the ob- 
jects masked.’ It may also be of interest to 
separate each of the objects masked in an im- 
age from one another, for example to calculate 
elemental concentrations for each object, mea- 
sure each object's dimensions, calculate shape 


descriptors for the objects, or simply count 
the number of objects masked. 

To accomplish this segmentation, various 
methods are available’ to identify and store 


in a file accessible to the user information 
concerning locations, shapes, areas, etc., of 
each of the objects present. One method easily 
implemented in a user-defined program is en- 
titled "line segment encoding," which involves 
storing the location and lengths of all line 
segments comprising the masked objects in 

one or several files. If x-ray images have 
also been collected, elemental concentrations 
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FIG. 1.--Demonstration of 
feature selection procedure 
described in text. Resolu- 
tion = 512 x 512 pixels for 
all images shown. (a) Digital 
STEM image of rat parotid 
gland cryosection; bar 
um, Cc = cytoplasm, g secre- 
tory granule, m = mitochon- 
drion, n = nucleus. (b) Three 
granule regions outlined to 
exclude mitochondria and oth- 
er extraneous structures. 

(c) Binary mask for (b); 
white regions have intensity 
value 1, black regions have 
intensity value = 0. (d) 
Product of (a) and (c) shows 
that only granule and sur- 
rounding cytoplasmic regions 
remains. (e) Histogram of in- 
tensity levels for (d) with 
each peak corresponding to a 
different subcellular space; 
c = cytoplasm, f = film, g 
granules. (£) Image resulting 
from thresholding on the 
range of intensity values 
found in the granule peak de- 
termined in (e); contrast was 
increased to allow granule 
regions to be visible against 
black background, so that 
some gray levels within gran- 
ules have been lost. (g) Bi- 
nary image resulting from 
erosion and dilation opera- 
tions on (f); "noise" pixels 
have been removed by the pro- 
cess. (h) Gradient filter 
convolved with (g) caused 
edge enhancement of granule 
masks; edge-enhanced mask was 
superimposed on original im- 
age to demonstrate accuracy 
of mask fit for granules. 
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for each object masked can be quickly calcu- 
lated. 

Application of this procedure to a granule 
mask from another image of rat parotid sali- 
vary gland (not shown) was carried out; the 
results for [Ci] and [K] in each of the gran- 
ules selected is shown in Fig. 2. The plot 
indicates a positive correlation for [C1] with 
[K] in the granules from this image that 
agrees with results from several conventional 
long-livetime scanning-raster analyses collect- 
ed from the same tissue (unpublished results). 
However, two important points must be consid- 
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FIG, 2,--Scatterplot of elemental concentration 
data for granules from single image of rat 
parotid salivary gland. Resolution of image 
masked was 128 x 128 pixels and magnification 
was 10K. Each point on plot represents [CL] 
and [K] concentrations from single granule 
masked from image. Total number of granules 
masked was 24. 


ered when concentrations for objects composed 
of as few pixels as these are being determined. 
Care must be taken during the mask formation 
procedure to assure that the edges of the in- 
dividual masks are an adequate distance away 
from granule borders. This need arises when 
specimens are tilted to maximize x-ray collec- 
tion by the x-ray detector; granule borders 
parallel to the tilt axes will overlap neigh- 
boring cytoplasmic regions and cause concentra- 
tions in edge pixels to reflect a combination 
of both granule and cytoplasmic values. In ad- 
dition, total x-ray collection livetimes for 
the pixels masked within each granule must be 
sufficiently long for the particular analysis 
conditions used to detect the elemental con- 
centrations of interest.*»’ Therefore, these 
requirements (1) of being limited to interior 
pixels and (2) of total x-ray collection live- 
times together dictate that elemental images 
must have sufficient magnification so that se- 
lected objects are composed of a sufficient 
number of "usable'' pixels. The average live- 
time per granule masked for the data in Fig. 2 
was 29 s, which appears sufficient for detect- 
ing the illustrated relationship. Thus, re- 
sults similar to and consistent with those 
found froma series of conventional raster scan 
analyses can be gained by use of these pro- 
cedures for feature selection and image segmen- 
tation. 


Conetluston 


A set of procedures has been described that 
selects multiple objects of uniform intensity 
from a digital STEM image. An example shows 
that elemental concentrations found for the 
individual objects yield results similar to 
those gained from conventional raster-scan 
analyses. These procedures were developed by 
the application of simple image processing con- 
cepts to the particular problems associated 
with object selection from STEM images and 
should be helpful in simplifying and extending 
the types of analyses possible with digital 
elemental and electron images. 
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COMPUTER-ASSISTED BRIGHTFIELD SIGNAL MEASUREMENT OF WATER CONTENT IN FROZEN HYDRATED 
AND DEHYDRATED GELATIN THIN SECTIONS: A PRELIMINARY REPORT 


J. J. Strain, D. A. Kopf, Ann LeFurgey, Peter Ingram, 
L. A. Hawkey, and S. D. Davilla 


Brightfield signal intensity, an effective and 
accurate measure of mass thickness, has proved 
itself to be especially powerful as an adjunct 
to electron probe x-ray microanalysis (EPXMA) .* 
Several other techniques capable of providing 
mass thickness measurements (e.g., continuum 
x-ray monitoring and backscatter electron de- 
tection) result in destruction of specimen in- 
tegrity at the levels of irradiation required 
to obtain a measurable signal; these methods 
also may require correction factors due to 
their extreme sensitivity to local variation in 
specimen composition.? Furthermore, both tech- 
niques have been described by investigators as 
lacking the accuracy of brightfield signal mass 
determination.? The zero-loss signal of elec- 
tron energy loss spectroscopy (EELS) has re- 
cently become the standard for mass thickness 
measurement, but requires expensive instrumen- 
tation.* Other factors that may influence the 
choice of approach to mass thickness measure- 
ment include advances in mini- and microcompu- 
ter hardware, and new software for data cap- 
ture, display, and analysis.*?° 

Irrespective of measurement technique, in- 
tracellular water content and mass thickness 
determination are required to convert elemental 
measurements (mmols/kg dry weight) from freeze- 
dried biological cryosections by EPXMA to more 
physiologically relevant ones (ion or elemental 
concentration/unit wet weight). In this paper, 
we describe one brightfield signal method for 
estimating changes in the water content of 
frozen hydrated gelatin sections and tracking 
hydrated specimen location for later analysis 
in the dehydrated state. 


Matertats and Methods 


The computer software is a revised version 
of a general purpose image acquisition and 
analysis program ("EYESPI") developed by two 
of the authors (DAK,SSD) for use with a per- 
sonal computer (Macintosh II, Apple computer) 
and compatible hardware systems, The specif- 
ics of this analysis software have been re- 
ported previously.®° Hardware requirements for 
electron microscope-to-minicomputer image 
transfer include a data acquisition card (Na- 
tional Instruments), enhanced video adaptor for 
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256 graylevel/color viewing, and 2 megabytes 
minimum of RAM memory. (Image capture and 
analysis functions are limited by available 
memory.) As yet, we have neither an absolute 
calibration of specimen mass nor the computer 
software necessary to extract true mass thick- 
ness by compensation for local tilt. Conse- 
quently, we report here only measurements of 
relative total section mass between hydrated 
and dehydrated sections, which are insensitive 
to these effects. 

Images were retrieved from an electron mi- 
croscope (JEOL 100CX-II) operating in both 
transmission electron microscope (TEM) and 
scanning-transmission electron microscope 
(STEM) modes, utilizing a cold-finger anti- 
contamination device and a cold stage (Gatan 
626). Microscope experimental protocol was 
identical for both pre cryotransfer and post 
dehydration image capture: (1) accelerating 
voltage = 80 keV, (2) LaBs filament, (3) 
starting vacuum = 1-2 x 10°” Torr, (4) default 
condenser lens current (CL1) adjustedto givea 
beam current of approximately 107*? A. [The 
instrument configuration was modified by the 
installation of an EELS detector prior to 
analysis of grid #3 and adoption of free-lens 
control (beam current = 0.2 x 107** A) prior 
to studies of grid #6.] 

Gelatin was selected as the object of study 
because the water content can be varied to 
mimic that of cells (70-90% dependent on cell 
and cellular compartment)” and because it is 
generally available with ease and reproduci- 
bility of preparation, Parallels in behavior 
between biological tissue and gelatin in the 
uptake of macromolecules (e.g., tannic acid, 
OsO,) further support the usage of gelatin as 
a modeling medium.® Thirty g of gelatin 
(Matheson, Coleman, and Bell; Gx45 L404) were 
dissolved in 100 ml of warm, double-distilled, 
deionized water to generate a 30% solution, 
then subsequently agitated and heated for 1 h 
on a hotplate. Gelatin was deposited as a 
droplet on 12 aluminum stubs and plunge frozen 
into liquid propane; long-term storage in li- 
quid nitrogen was by laboratory protocol.’ 

Cryomicrotomy yielded thin gelatin sec- 
tions. (In a previous study using the same 
cryomicrometer settings, tissue sections mea- 
sured by EELS were in the thickness range of 
2000-4000R) Multiple sections (15-20) 5-20) 
were deposited on each fine-bar 200 mesh nick- 
el grid to assure an adequate amount of ana- 
lyzable material, followed by cryotransfer to 
the cold stage. Stage thermocouple tempera~ 
tures ranged from -175 to -163 C at insertion, 

After vacuum stabilization, a 256 x 256 


FIG. 1.--256 x 256 pixel '"grid-map" (50x mag- 
nification in SEM mode) taken of grid #7 with 
evidence of breaks in carbon film. Sections 
appear as white objects (arrows) on black back- 
ground; image can be enlarged in EYESPI to pro- 
vide more detail. 

FIG, 2.--Frozen-hydrated gelatin section at 
0.34 um full scale, inclination +10°. Note 
evidence of ice on specimen (arrows), ice 
crystal on dark carbon film (*), and lack of 
clarity in features. 


pixel intensity "map" (Fig. 1) containing gel 
section locations was made at 50, magnification 
in secondary electron mode (SEM). Acquisition 
parameters (including the size of the pixel ar- 
ray) were input into a simple,menu-driven com- 
puter system; control of the microscope was 
relinquished to the computer; and a brightfield 
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image was obtained. Each image may be altered 
in size, brightness, and contrast to provide 
maximal positional information. All scans 
discussed below were performed in the same man- 
ner. 

An ideal gel section was considered to be 
flat, located in the center of the grid 
square, and distant from the gridbar or any 
damaged portions of the carbon film (Fig. 2). 
Hydration state was deemed adequate if multi- 
sized ice crystals were present on the filn, 
sample, and adjacent gridbars. (Whether the 
ice was from the initial freezing event or 
subsequent deposition could not be determined, 
but its presence did suggest sufficient tem- 
perature to maintain a hydrated specimen.) 
Selected gel fragments were magnified until 
they occupied a majority of the viewscreen and 
subsequently were scanned at a cold-stage in- 
clination of +10° and -10° from the horizonatal 
to form a stereo pair (to be used in future 
analyses). Magnification, contrast, scan tilt 
angle, and comments were recorded for refer- 
ence, aS was the position of the section on 
the grid map. 

Dehydration protocol for the specimen grid 
was as follows: (1) increasing the temperature 
5 C every 5 min to -90 C, (2) controlled warm- 
ing for 60 min to -80 C, (3) 10 C every 5 min 
to -40 C, (4) unimpeded warming to 30 C (ap- 
proximately 10-15 min). After location via a 
gridmap, dehydrated sections were scanned at 
conditions identical to those of their hydrat- 
ed state (Fig. 3). 

Images from both frozen hydrated and dehy- 
drated sections were transferred to 3.5in. 
floppy diskettes for storage. Individual 256 
x 256 pixel image files occupied approximately 
256 kilobytes each in EYESPI format (i.e., 
grayscale range = -2048 to +2048).° Examina- 
tion of gel section area, gel section mean 
pixel intensity, and background mean pixel in- 
tensity was performed on selected sections 
using quantitative measurement facilities from 
the EYESPI analysis menu. Tracing the circum- 
ference of the specimen provided average in- 
tensity and a summation of pixel points occu- 
pied by the region to a statistics window as- 


sociated with the image (Figs. 4 and 5). The 
following calculations were used, 
iso Tata so re 
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where I, = mean fixed intensity of the sample, 
Ip = mean fixed intensity of the background, 
d = dry, w = wet, Pq = dry sample number of 
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FIG. 3,.--Dehydrated gelatin section 0.34 um full scale, inclination +10°. Same section as in 
Fig. 2 after dehydration. Structures of section are more visible, and ice crystals are not vis- 
ible. Background intensity has increased as would be expected from loss of surface ice. 

FIG, 4,.--Gel section statistics: circumferential tracing of gelatin provides information about 
area and average intensity, which is recorded for both frozen hydrated and dehydrated sections. 
FIG. 5.--Background statistics: background intensity is measured by marking an arbitrary annulus 
around sample and measuring average intensity per point for that area. This information is 
gathered for frozen-hydrated and freeze-dried sections and then applied with results from Fig. 4 
into: Eq.. €1):. 

FIG, 6.--Irradiation damage to frozen-hydrated gelatin section results in vesicular pattern 
which at higher magnification demonstrates rings of gelatin with apparent lack of material in 
center. 


pixels, Py = wet sample number of pixels, Fg = 


Results and Discusston 
fractional dry weight, SAg = area of dry gela- 


tin section, and SAy = sectional area of wet Seventy sections on 8 different grids were 
gelatin section. SAg and SAy are normalized by analyzed and dehydrated by the techniques de- 
division by the magnification M. Graphing and scribed above. As seen in Fig. 1, both posi- 
complex statistics were calculated on an exter- tional and structural information is available 
nal analysis package (SYSTAT, Systat, Inc.). from these mapping images, even at low magni- 
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TABLE 1.--General statistics for frozen-hydrated and dehydrated gelatin sections used in the 
fractional dry weight measurements. 


# of Cases Gel Sectional Area % Shrinkage 
00) ) 
Min 1.000 204.583 95.240 0.300 
Max 6.000 12240.000} 10903.000 0.444 
Mean 2.775 2288.996 | 1496.534 0.361 


Std. Dev. 1.509 2767.001 
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FIG. 7,.--Background-subtracted wet weight mass vs fractional dry weight, as calculated from 
Ba. CL), 

FIG. 8.--Fractional dry weight vs % shrinkage, as calculated from Eqs. (1) and (2). 

FIG. 9.--Fractional dry weight vs gel section areas, as calculated from Eqs. (1) and (3). 
FIG. 10.- Measured dry mass vs magnification. 


fication. Sixty-eight of seventy sections, amined before the addition of a zero-loss EELS 

identified and processed by EYESPI grid-mapping, system with replacement brightfield detector 

were relocatable post-dehydration. Three more to the JEOL 100CX-II microscope. Two sections 

sections were unusable for analysis due to re- were eliminated from experimental calculations 

orientation, overlap onto neighboring sections, due to excessive manipulation: the first was 

or movement onto a gridbar during dehydration. scanned multiple (>20) times, and was used to 
Quantitation of water loss in frozen-hydrat- find the optimum microscope settings for the 

ed and dehydrated sections was limited to se- subsequent grid analyses, whereas the second 

lected data from the flattest sections on two was sufficiently small to render it difficult 

grids, a total of 22 sections. Grid 1 was ex- to trace, General statistics for the remaining 
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twenty sections are shown in Table 1. 

Mean fractional dry weight was calculated 
to be 36.1 + 3.8%, representing the water loss 
associated with dehydration, about 20% greater 
than the initial preparation. Among potential 
factors contributing to an elevated fractional 
dry weight would be any form of dehydration be- 
fore or during the measurement of the frozen- 
hydrated brightfield signal, for example during 
the low-magnification SEM mapping image, or in- 
complete dehydration during freeze-drying. 
Cryomicrotomy and cryotransfer were suspect, 
although recent studies show little significant 
mass loss when sections are correctly pre- 
pared.*? However, there were examples in our 
experiments where elevated stage temperature 
led to elevated mass loss and visible irradia- 
tion damage (Fig. 6). Whether this pattern may 
be due to ice crystal formation as well has not 
been determined.'* To further complicate the 
issue, Cantino et al. have reported significant 
radiation-induced mass loss from freeze-dried 
sections .?? 

Further consideration must be given to the 
limits inherent in brightfield signal measure- 
ment. Measurement of transmission signal in- 
tensity is compromised in specimens with mass 
thickness of greater than 0.6-1.0 g.m™? (3000- 
5000 &), depending on accelerating voltage. ? 
Examination of a subset of 9 gelatin sections, 
imaged at identical contrast, permitted a com- 
parison of background-subtracted wet weight 
mass vs fractional dry weight (Fig. 7). These 
values suggested an increasingly nonlinear 
brightfield transfer characteristic for thicker 
sections. The increased thickness on a per 
pixel basis may be secondary to ice (Fig. 3), 
and, due to insufficient signal transmission in 
the hydrated specimen, may manifest itself as 
an apparent lack of dehydration. 

Of particular interest is the variation in 
percent shrinkage. Average percentage change 
for all sections is greater than 40%, and this 
change is associated with an eleven-fold dif- 
ference between the minimum and maximum values. 
The wide range, as well as the specimen's sec- 
tional area, appears to have little correlation 
with fractional dry weight (Figs. 8 and 9). 
Possible sources for this result include local 
folding with shrinkage and discrete changes in 
the orientation of a specimen with respect to 
the grid. 

Three further analyses were performed to ex- 
amine reproducibility, variance due to changes 
in magnification, and the effects on a specimen 
by irradiation from serial scans. In order to 
investigate error associated with obtaining an 
object's circumference, measurements on a sin- 
gle section were repeated 20 times. Mean area 
in pixels was equal to 6172.70 (standard devia- 
tion [s.d.] = 64.542). Measurement of mean 
background- subtracted mass equaled 1571.71 (s.d. 
= 16.63). A second study obtained image data 
from four gelatin sections each at five dif- 
ferent magnifications. It was surmised that 
the larger specimen size (or higher magnifica- 
tion) might result in a proportional decrease 
in experimenter error. The results are illus- 
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trated in Fig. 10. As the graph indicates, 
changes in magnification do not appear to alter 
the values obtained with this technique. The 
final experiment examined the effects of repet- 
itive scanning on a dehydrated section. The 
difference in mass thickness of a section before 
and after 30 scans was 1.64 + 0.02%. Changes in 
the mean sample pixel intensity and fractional 
dry weight after a similar challenge were 0.8 + 
0.02% and 1.0 + 0.02%, respectively. 

Future research will focus on more accurate 
specimen thickness measurements for verifica- 
tion of these findings. If the brightfield 
Signal is to be used, it is necessary to de- 
termine the thickness at which nonlinear mea- 
surement of the signal begins. Initial stud- 
ies are under way in this laboratory on folded 
and tilted carbon films of known thicknesses 
to estimate the value above which signal loss 
occurs. Similarly, documentation of the mass 
thickness via a zero-loss EELS analysis (esti- 
mated 3% error) will be used to calibrate mea- 
surements from this brightfield signal tech- 
nique.*°t*>?5 Concurrent projects using 
stereo pairs to ascertain local tilt and 
thickness in areas of specimen tilt will also 
be tested, with the eventual application of 
this computer-controlled acquisition and 
brightfield-signal measurement technology to 
the analysis of intracellular water compart- 
mentation in biological cells and tissues.1° 
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ION DISTRIBUTION IN EPITHELIAL CELLS STUDIED BY X-RAY MICROANALYSIS 


G. M. Roomans, Thomas von Zglinicki, A. J. Spencer 


All transport of solutes to and from the body 
tissues has to pass epithelial cells, which 
therefore play an important role in regulating 
this transport. Malfunctioning of the trans- 
port of ions and water through epithelia there- 
fore can lead to disease. An example of a dis- 
ease associated with a defective regulation of 
transepithelial ion and water transport is cys- 
tic fibrosis (CF). In CF patients transport of 
chloride and water across, for example, the 
respiratory and intestinal epithelium appears 
to be defective. In the present paper, studies 
on ion distribution in these epithelia in ex- 
perimental animals are reviewed. 


X-ray Microanalysts of Intestinal Epttheltum 


The intestinal epithelium is a complex epi- 
thelium, in which several cell types with dif- 
ferent functions coexist. It is assumed that 
the villus cells are mainly absorptive, whereas 
the crypt cells secrete ions and water. A de- 
tailed study of element (ion) concentrations in 
various compartments of the mouse intestinal 
mucosa was undertaken to serve as a basis of 
reference for further studies dealing with 
changes in ion distribution due to stimulation 
or inhibition of ion transport. 

The study was carried out on mice (male and 
female, about 20-25 g). The animals were 
killed by cervical dislocation and samples from 
the proximal part of the jejunum were punched 
out and simultaneously frozen with a cryo- 
bioptic needie.+ Thin cyrosections were cut at 
a temperature of about 160-180 K, freeze-dried, 
and analyzed in a Philips 400T transmission 
electron microscope equipped with a LINK ener- 
gy-dispersive analysis system. Quantitative 
analysis of the spectra was carried out accord- 
ing to the continuum method, by use of cryosec- 
tions of a gelatin/glycerol matrix containing 
mineral salts in a known concentration as stan- 
dards .? 

Analysis was carried out in villus cells 
and in crypt cells. On the basis of their mor- 
phology, two types of crypt cells were distin- 
guished: crypt A cells with secretory granules 
resembling those of Paneth dells, and crypt B 
cells; 
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In villus cells, a gradient of sodium from 
137 mmol/kg dry weight in the brush border to 
68 mmol/kg in the basal cytoplasm was noted. 
Similarly, a chloride gradient from 154 mmol/ 
kg in the brush border to 48 mmol/kg in the 
basal cytoplasm was observed. On the other 
hand, the concentration of potassium slightly 
increased from 615 mmol/kg in the brush border 
to 700 mmol/kg in the basal cytoplasm. Simi- 
lar ion gradients were noted in the crypt B 
cells: for sodium from 202 (apical) to 90 (ba- 
sal) mmol/kg, for chloride from 275 (apical) 
to 1236 (basal) mmol/kg, and for potassium 
from 708 (apical) to 1010 (basal) mmol/kg7dry 
weight. 

Simultaneously, the intracellular water dis- 
tribution was determined from the measured op- 
tical transmission of electron micrographs. 
The water content of absorptive cells was sig- 
nificantly higher than that of crypt B cells. 
In the villus cells, the luminal cytoplasm 
had a higher water content in the villus cells, 
whereas the reverse was the case in the crypt 
B cells. 

Stimulation of secretion was elicited by 
intraperitoneal injection with isoproterenol 
(20 mg/kg body weight) or pilocarpine (8 mg/kg 
body weight). In some of the isoproterenol- 
injected animals, an attempt was made to inhib- 
it secretion by injection of the adenylate cy- 
clase inhibitor alloxan (175 mg/kg body 
weight, 1 min after injection of isoprotere- 
nol). 

Upon stimulation with isoproterenol or pilo- 
carpine, the chloride concentration in the in- 
terstitium decreases, most likely as a result 
of chloride secretion. Crypt A cells react to 
stimulation as expected for electrolyte se- 
creting cells. The cytoplasmic chloride con- 
centration decreased from 100 + 9 to 64 + 10 
mmol/kg dry weight after stimulation with iso- 
proterenol. This decrease is prevented by al- 
loxan, and is therefore cAMP-dependent. Pilo- 
carpine produced an even more pronounced de- 
crease of the intracellular chloride concen- 
tration (to 24 + 7 mmol/kg). Crypt B cells 
as well as Paneth cells, on the other hand, 
reacted to isoproterenol stimulation with an 
increase in the intracellular chloride concen- 
tration. This increase could be inhibited by 
cAMP. One may speculate that these cells take 
up chloride via the basolateral chloride 
transporter, but do not secrete the chloride 
via a cAMP-controlled apical chloride channel. 
Villus cells also react to stimulation by iso- 
proterenol with an increase in intracellular 
chloride concentration. 

Intestinal chloride (and water) transport is 
known to be inhibited in patients with cystic 
fibrosis, which may cause or contribute to 


meconium ileus in the newborn and meconium 
ileus equivalent in the older patients. The 
inhibition of chloride and water transport 
would be caused by the malfunctioning of a 
cAMP-regulated chloride channel in the apical 
cell membrane. It would appear from our data 
that the crypt A cells possess a cAMP-regulat- 
ed apical chloride channel. 


X-ray Microanalysts of Tracheal Eptthelium 


In tracheal epithelium it is assumed that 
chloride, sodium, and potassium enter the cell 
via a cotransport mechanism in the basolateral 
membrane. Chloride ions are secreted at the 
apical side via a cAMP-regulated channel. 

Water transport follows the flux of chloride 
through the epithelium. 

For studies of ion distribution in tracheal 
epithelial cells, hamster trachea was used, 

The animals were anesthetized with sodium pen- 
tobarbital, and a small piece of trachea was 
dissected and frozen in liquid propane cooled 
by liquid nitrogen. In situ freezing with the 
cryobioptic needle was attempted but not suc- 
cessful because of the presence of the tracheal 
cartilage rings. Thin cryosections were cut on 
a cryoultramicrotome, transferred in the frozen 
state to the electron microscope, and freeze- 
dried in the column. Quantitative analysis was 
carried out as described above. 

In contrast to the results obtained in mouse 
intestinal epithelium, no clear ion gradients 
across the ciliated epithelial cells could be 
observed. Chloride concentrations in the tra- 
cheal epithelium (250-300 mmol/kg dry weight) 
were considerably higher than in the intestinal 
epithelium. That could be due to the fact that 
the animals were under anesthesia, or that the 
tissue was not frozen in situ (as was the in- 
testinal epithelium), and that dissection and 
removal of the tissue would have caused an in- 
crease of the intracellular chloride concentra- 
tions. However, stimulation with isoproterenol 
(intraperitoneal, 20 mg/kg body weight) caused 
a significant decrease in the intracellular 
chloride channel, similar to what was described 
above for the intestinal crypt cells. A de- 
crease of the intracellular chloride concentra- 
tion was also noted in cultured normal human 
respiratory epithelial cells.* Therefore, the 
anesthesia does not appear to block chloride 
secretion in the tracheal epithelium. This 
finding should make it somewhat easier to carry 
out similar studies in human respiratory epi- 
thelium in situ, 
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SODIUM, POTASSIUM, AND CHLORINE IN ELECTROLYTE SECRETING CELLS IN THE INTESTINE 


Thomas von Zglinicki and G. M. Roomans 


Secretion of salt and water from the intestine 
can be stimulated in vitro by increases in the 
concentrations of the second messengers cAMP 
and/or calcium. Whereas villus cells are ab- 
sorptive, there is evidence that secretion 
takes place in the crypts.’ However, intes- 
tinal crypts are composed of various cell types 
including so-called undifferentiated epithelial 
cells which may or may not contain secretion 
granula, Paneth cells, Goblet cells, and oth- 
ers.2 Therefore, cells actually engaged in 
electrolyte secretion in vivo have not yet been 
identified. 


Expertmental 


Intestinal secretion in mice was stimulated 
by injection with either isoproterenol or pilo- 
carpine. In one series of experiments, stimu- 
lation by isoproterenol was blocked by allo- 
xane, a potent inhibitor of the adenylate cy- 
clase. Samples of the intestine were taken by 
a cryobioptical method.* Freeze-dried cryosec- 
tions about 0.5 um thick were prepared and 
measured at 100 kV in the transmission mode in 
a Phillips EM 400 equipped with a field-emis- 
sion gun and a Link AN 10 000 microanalyzer. 
For standardization, frozen-dried cryosections 
of gelatin containing known amounts of salts 
were used.” 

Element concentrations were probed in the 
cytoplasm of Paneth cells, crypt epithelial 
cells containing small secretion granula 
(crypt A cells), crypt epithelial cells with- 
out secretion granula (crypt B cells), and, 
for comparison, also in villus cells. 


Results 


Concentrations of C1, Na, and K in the cyto- 
plasm of the respective cells are displayed in 
Fig. 1. Under stimulation, cytoplasmic Cl con- 
centrations are decreased in crypt A cells 
only. In these cells, the decrease of C1 due 
to isoproterenol stimulation is reversed by 
treatment with alloxane. In contrast to that, 
isoproterenol treatment leads even to a signif- 
icant increase of Cl concentrations in the oth- 
er cells studied, which can be blocked by in- 
hibiting the adenylate cyclase in Paneth and 
crypt B cells, but not in villus cells. In 
Paneth and crypt B cells, alloxane treatment 
decreases cytoplasmic Na and K concentrations 
below control levels. Pilocarpine does not 
affect cytoplasmic Cl concentrations in Paneth 
and crypt B cells but leads to a significant 
decrease of Cl in villus cells. 


T. v. Zglinicki is at the Institut fiir Path- 
ologie, Humboldt Universitat, Postfach 140, 
Berlin 1040, German Democratic Republic; G. M. 
Roomans is at the University of Stockholm. 


Conelustons 


Both crypt B and Paneth cells share a common 
pattern of ionic changes that is clearly dif- 
ferent from that found in crypt A cells. This 
pattern is characterized by a cAMP-dependent 
increase of Cl together with a decrease of Na 
and K by inhibition of the adenylate cyclase. 
These results are consistent with the exis- 
tence of a cAMP-dependent Na/K/Cl cotransporter 
in crypt B and Paneth cells, most probably lo- 
cated in their basolateral membranes as known 
in a number of cell types.°°® 

On the other hand, only those changes mea- 
sured in crypt A cells are consistent with the 
opening of apical Cl channels as the main event 
in stimulated secretion.?’’ Pilocarpine seems 
to be an even more potent stimulator than iso- 
proterenol, depleting crypt A cells of Cl up to 
a level approximately equal to electrochemic 
equilibrium. The conclusion is thus that those 
crypt epithelial cells containing small secre- 
tion granula (crypt A cells) are the cell type 
mainly involved in cAMP-stimulated secretion of 
salt and water in the intestine. 

The pattern of ionic responses in villus 
cells is also distinctive. The increase of 
cytoplasmic Cl under isoproterenol treatment is 
evidently not due to a cAMP increase in these 
cells. The decrease of Cl and the increase of 
K under pilocarpine stimulation might be due to 
a hyperpolarization of the villus cell mem- 
brane, taking into account the fact that the Cl 
concentration in villus cells of controls is 
already scarcely above electrochemic equilib- 
rium, 
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FIG. 1.--Concentrations of K, Na, and Cl (mM/kg dry weight, mean + s.e.m.) in the cytoplasm of 
(a) Paneth cells, (b) crypt A cells, (c) crypt B cells, (d) villus cells of the mouse intestine. 
C--controls, I--isoproterenol treated group, P--pilocarpine treated group, IA--group treated with 
isoproterenol and alloxane. CDM--critical difference between means at the 5% significance level. 
Values are means from at least 10 cells in 3 animals per group. 
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EVIDENCE FOR A BARIUM-SENSITIVE POTASSIUM CHANNEL IN RAT PAPILLARY 
COLLECTING DUCT (PCD) CELLS: EVALUATION BY X-RAY MICROANALYSIS 
IN SCANNING ELECTRON MICROSCOPY (SEM) 


Iris Pavenstudt-Grupp, C. T. Grupp, H. E. Franz, and R. K. H. Kinne 


Investigation of ion transport processes in 
papillary collecting duct (PCD) cells is diffi- 
cult because absolute ion fluxes are low and 
the cells are inaccessible to experimental ma- 
nipulations in situ. Our aim was therefore to 
develop a method that permits the detection of 
transmembraneous ion fluxes in a small number 
of isolated PCD cells. We adapted x-ray micro- 
analysis to the investigation of cellular ele- 
ment content without the time-consuming step of 
cryosectioning. It was possible to obtain re- 
producible and reliable measurements from as 
few as 10 cells, which during the measurement 
could be clearly identified by their morphology 
in the SEM. 

It thus became possible to characterize so- 
dium influx and potassium outflux in PCD cells 
in the presence of ouabain’? and to demonstrate 
the existence of an amiloride-sensitive sodium 
entry step’ and of a bumetanide-sensitive 
Na-K-Cl cotransport system.? The data present- 
ed below suggest the presence of a Ba?*-sensi- 
tive potassium channel in rat PCD cells. 


Experimental 


PCD cells were isolated in 285 mosm Hepes- 
Ringer buffer as described previously.? Incu- 
bation of the cells is described in detail un- 
der Results. The cells were then transferred 
onto a Thermanox disk by sedimentation in a 
cytocentrifuge (Shandon Cytospin 2, 2 min/ 
32g).+ The Thermanox disk did not contain any 
sodium, potassium, chloride, or phosphorus. 
After removal of the extracellular medium 
either by washing in distilled water or in am- 
monium acetate, cells were quickly frozen in 
liquid propane cooled with liquid nitrogen, 
freeze-dried at -80 C, and coated with carbon. 
The specimen was analyzed in SEM equipped with 
an energy-dispersive x-ray detector (Link LZ-5, 
silicon/lithium crystal, ultrathin window) at 
an accelerating voltage of 12.5 kV. Spectra 
were evaluated by comparison of the peak area- 
to-background ratio of the sample with droplet 
of dextran standards,’ which consisted of de- 
fined element contents composed in the matrix 
of 20% dextran and were similar in size to the 
isolated tubule fragments.° The absolute value 
of the element content was obtained in mM/kg 
dry weight (dextran). The values are expressed 
as element-to-phosphorus ratio and given as 
means + standard error of the mean. 


The authors are with the Nephrology Section, 
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Results 


Effeet of Barium on Potassium Efflux After 
Exposure to Distilled Water. PCD cells were 
preincubated for 15 min at 37 C in 285 mosm 
Hepes-Ringer buffer and centrifuged onto a 
Thermanox disk. Dipping the cells in dis- 
tilled water buffered with Tris/Hepes to pH 
7.4 for 3 s resulted in a K/P ratio of 0.45 + 
0.025, whereas in the presence of K* channel 
blocker Ba(NO,), (5mM) the K/P ratio was simi- 
lar to the ratio normally observed in PCD 
cells.+ Substitution of barium by another di- 
valent cation, e.g., Mg?*, in the washing so- 
lution did not inhibit the potassium efflux 
(Table 1). 


TABLE 1.--Effect of 5 mM Ba?*t on potassium 
content of PCD cells exposed to distilled 
water. 


Washing solution Na/P 


Distilled H,0, 

pH 7.4 
Distilled H,0, 

+ 5 mM Ba(NO;), 
Distilled H,0, 

+ 5 mM Mg(NO;), 


20 {0.45240 .036 | 0.118+40.02 
20 | 0.65040.015* 0.108+0.01 


19 | 0.48840 .043 | 0.09840 .01 


*Significance p < 0.05 vs control. 


Effect of Bartum on Potassium Efflux tn 
OQuabain-treated Cells. Inhibition of Na-K- 
ATPase by 10 mM ouabain in PCD cells incubated 
in 285 mosm Hepes-Ringer resulted in a time- 
dependent significant increase of intracellular 
Na/P ratio and decrease of the K/P ratio. In 
the presence of 5 mM BaCl, in the ouabain- 
containing medium K/P ratios nevertheless re- 
mained stable (Table 2). In these experiments 
extracellular medium was removed by dipping the 
cells into buffered ammonium acetate solution 
(pH 7.4), a procedure that did not change in- 
tracellular ion content and the cell shape.’ 


TABLE 2.--Effect of barium on ouabain-induced 
potassium efflux after 15 min of incubation. 


Incubation m 


HEPES Ringer 
(control) 
HEPES Ringer 
+ 10 mM ouabain 
HEPES Ringer 
+ 10 mM ouabain 
+ 5 mM BaCl, 


10 | 0.6740.037 | 0.165+0.01 


10 | 0.51440.018% 0.465+0.02* 


10 | 0.67040.033 | 0.34340 .03* 


*Significance p < 0.05 vs control. 
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Cone Luston 


Our data show that potassium efflux in iso- 
lated papillary collecting duct cells was re- 
duced in the presence of barium, whereas other 
divalent cations like magnesium had no effect. 
Sodium movements were not significantly affect- 
ed by barium. These results suggest the exis- 
tence of a Ba**t-sensitive potassium channel in 
rat..PCD. cells, 
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CRYOTECHNIQUES FOR BIOLOGICAL MICROANALYSIS 


Karl Zierold 


Biological cells are dynamic systems. Struc- 
ture and elemental composition of cells may 
vary depending on their functional state. 
Therefore, cryotechniques are used in biologi- 
cal microanalysis to preserve structure and 
composition in a defined functional state for 
identification, localization, and quantitation 
of elements, in particular of diffusible ions. 
The most attractive method to achieve this aim 
with high spatial resolution consists of cryo- 
fixation followed by cryoultramicrotomy, cryo- 
transfer including freeze-drying, and cryo 
electron microscopy combined with x-ray micro- 
analysis.1>* These preparation and analysis 
steps are discussed below. 


Cryoftxatton 


Cryofixation can be defined as solidifica- 
tion of a biological specimen by cooling with 
the aim of minimal displacement of its compo- 
nents.> The basic techniques (plunge freezing, 
jet freezing, and metal mirror cryofixation) 
have been extensively reviewed recently.*?> 
Each of these techniques has its own merits, 
but they all have to be adapted to the particu- 
lar biological problem of interest before reli- 
able microanalytical data can be expected, as 
is illustrated by plunge freezing of liver 
cells for cryoultramicrotomy and subsequent 
x-ray microanalysis of freeze-dried cryosec- 
tions. 

Table 1 shows in the left column results ob- 
tained from freeze-dried cryosections of dis- 
sected tissue samples of approximately 1-2 mm 
in size. Obviously, the dissection of tissue 
samples causes severe cell damage, as indicated 
by high Na and Cl and low K concentrations in 
the cytoplasm, Isolation of cells by digesting 
enzymes followed by incubation in a culture 
medium permits the freezing of small droplets 
of cell suspension. The middle column shows 
that the cells have obviously recovered in 
comparison with the dissected tissue specimen, 
Liver cells cultured on gas-permeable flexible 
foil (Petriperm®) show even increased K and de- 
creased Cl levels, as can be seen in the right 
column.® Cryoultramicrotomy of cells grown on 
flexible foil was achieved after appropriate 
modification of the plunge freezing technique, 
as shown in Fig. 1. This example illustrates 
that microanalytical results from biological 
cells depend critically on the choice of speci- 
men sampling and cryofixation. For example, 
amebae could not be moved from their culture 
dish to a plunge freezing device without dis- 
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TABLE 1.--Element concentrations measured in 
the cytoplasm of cryosectioned rat liver cells 
after various preparation procedures (dissect- 
ed tissue, isolated and cultured cells). Upper 
values show mMol/kg dry weight, lower values 
mMol/kg water + standard deviation, respective- 
ly. Horizontal bars indicate values below the 
detection limit; n = number of measured cells, 
d = dry weight portion. 


dissected isolated cultured 
tissue cells cells 
n 15 29 12 
d 0.26 + 0.05 0.32 + 0.04 0.30 + 0.04 
Na 300 + 162 - - 
105 + 57 
Mg 26+ 25 26+ 17 41+ 14 
9+ 8 13+ 8 18+ 6 
Pp 387 + 158 265 + 76 235 + 54 
135 + 55 125 + 36 101 + 23 
S 201 + 60 211+ 17 185 + 24 
714 ai 95+ 8 80 + 10 
Cl 403 + 194 93 + 26 62+ 9 
142 + 68 444+ 12 a7 + 4 
K 226 + 77 137 + 26 421 + 48 
79 # 27 64+ 12 181+ 21 


Ca 


turbing cytoplasmic streaming. They were cryo- 
fixed in a defined state of locomotion under 
light microscopical control by a modified jet 
freezing device.* Specialized freezing devices 
were developed also for cryofixation of tissue 
specimens in situ.’>® 


Cryoultramterotomy 


Approximately 100nm-thick cryosections are 
prepared by the use of a dry glass knife at a 
temperature below 170 K in a cryoultramicro- 
tome, The yield of smooth transparent cryosec- 
tions requires minimal ice crystal size in the 
frozen sample to be cut. Large ice crystal 
damage results in chips and snow instead of 
clear sections. As a consequence, cells with a 
water portion <90% are easier to cut than cells 
with large aqueous compartments, for example 
plant cells. Although cryosections from most 
animal tissue cells can be prepared routinely 
today, typical artifacts such as unidirectional 
deformations have to be taken into account. 
Neither these artifacts nor the complete cryo- 
sectioning process are understood by a physical 
theory.” 
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FIG. 1.--Cryofixation of cells cultured on 
flexible gas-permeable apes for cryoultrami- 
crotomy. Abbreviations: cell, f = foil, 

k = knife, p = plexiglass ee r - sealing 
ring. Arrows indicate direction of movement. 
(a) Punched area (10 mm in diameter) of foil 
with cells is placed upside down on preparation 
block with central hole. Plexiglass rod 2mm- 
thick with a half-sphere-like lower end and 
indentation above is placed by hand over cen- 
tral hole. Where plexiglass rodis located, foil 
is streteched over half-sphere-like end and is 
fixed on rod by sealing ring that comes to rest 
in indentation. (b) Cells are frozen when 
plexiglass rod is plunged by air-pressured de- 
vice into cryogen (liquid propane). (c) Plexi- 
glass rod is mounted in specimen holder of 
cryoultramicrotome for cryosectioning by dry 
glass knife. Cells can be seen by light re- 
flected at plexiglass surface. Curved end of 
plexiglass rod permits approach of knife edge 
to frozen cell layer from different directions. 


Cryotransfer and Freeze-drytng 


Electron-probe microanalysis of frozen-hy- 
drated specimens is possible only on thick 
specimens with very limited spatial resolution 
in the micrometer range. Electron irradiation 
of thin frozen-hydrated cryosections causes de- 
leterious mass loss, which makes reproducible 
microanalysis impossible.***° Therefore, water 
has to be removed at a temperature below its 
recrystallization temperature. Sublimation of 
water by freeze-drying stabilizes cryosections 
against mass loss by radiation damage. 
slight mass loss occurs in incompletely dried 
cryosections. 

Transfer of freeze-dried cryosections 
through air causes moisture artifacts.” These 
sections lose electron optical contrast and 
brilliance of structures by the contact with 
wet air and storage in vacuum for days at room 
temperature. In addition, redistribution of 
elements was observed in cellular compartments 
with low dry mass portion.*! Keeping cryosec- 
tions at low temperature avoids contamination 
artifacts by lipid melting.’* Thus, cryotrans- 
fer is recommended also for the preparation of 
freeze-dried cryosections for microanalysis. 

If cryotransfer is not available, freeze-dried 
cryosections should be transferred through air 
slightly warmer than the ambient temperature 
to minimize elemental redistribution. 


Cryo Eleetron Microscopy and Microanalysts 


There are two reasons for microanalysis of 
freeze-dried cryosections at low temperature 


Ys 


However, 
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(below 170 K). 


1. Reductton of mass loss. Sulfur and 
chlorine in particular are known to escape as 
volatile molecules by high electron irradia- 
tion at room temperature. This effect is not 
observed in cooled specimens. 

2. Preventton of econtaminatton. By use of 
an anticontaminator plate with a temperature 
below that of the specimen no visible contam- 
ination occurs, even at an irradiation dose up 
to 10? e/nm’, as necessary for high-resolution 
microanalysis. 


Microanalysis of freeze-dried cryosections 
provides only dry weight concentrations of 
elements. Physiologically more relevant ele- 
ment concentrations related to water content 
are obtained by additional measurement of the 
water portion in cellular compartments, which 
can be done by comparison of x-ray spectra‘? 
or electron energy loss spectra’* measured in 
cryosections in the frozen-hydrated and 
freeze-dried state. Alternately, dry weight 
and water portion in 100nm-thick freeze-dried 
cryosections can be determined by measurement 
of the relative darkfield intensity in the 
scanning transmission electron microscope. 
This aspect is illustrated in Table 1 by ele- 
ment concentration data in terms of mMol/kg 
dry weight and mMol/kg water, respectively. 


10 


Dynamite Processes 


One of the most promising applications of 
biological microanalysis is the detection of 
ion shifts related to fast processes in cells. 
This application requires time-controlled 
cryofixation of cells in defined functional 
states in the range of milliseconds, as demon- 
strated by x-ray microanalytical measurements 
of Ca movements in muscle.?°~1” Recently, 
fast secretion of specialized organelles such 
as trichocysts in paramecia and stinging cap- 
sules in hydra were studied by x-ray micro- 
analysis of freeze-dried cryosections.'*® In 
paramecia, exocytosis of trichocysts was found 
to start 30 ms after chemical triggering. Na 
accumulated in trichocysts was observed to 
leave the cell with these organelles. Sting- 
ing capsules called nematocysts were triggered 
to discharge from nematocytes (specialized 
cells in hydra) by electrical stimulation 1 ms 
before they were plunged into liquid propane. 
Although the detailed time course could not be 
resolved by cryofixation, Ca shifts were found 
in nematocytes after start of nematocysts dis- 
charge. 


Coneluston 


Cryotechniques such as cryopreparation and 
cryoelectron microscopy are necessary tools 
for biological microanalysis in order to get 
reliable data of element and ion distributions 
related to various functional states of cells. 
In particular cryofixation has to be adapted 
carefully to the particular biological prob- 
lem to be investigated. 
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QUANTITATIVE X-RAY IMAGING OF FROZEN HYDRATED CRYOSECTIONS 


A. J. Saubermann 


Computer control of electron beam placement en- 
ables collection of energy-dispersive spectra 
(EDS) according to a predefined pattern.* 

These data can then be used to produce images 
where each pixel can yield quantitative infor- 
mation on element content.*-° Because the im- 
age produced provides both morphological infor- 
mation and quantitative elemental values, the 
resulting images can be a very powerful micro- 
scopical tool for elemental analysis in biolog- 
ical specimens. Application of this technology 
to frozen hydrated cryosections, prepared from 
biological specimens, involves dealing with a 
number of specimen preparation and analytical 
problems including mass loss, poor peak to 
background ratios, and specimen drift. We have 
applied methods, previously described for anal- 
ysis of frozen hydrated cryosections, that 
largely circumvent many of these problems .°>’ 


Methods 


Currently, electron probe x-ray microanaly~ 
sis is performed with an AMRay 1400 scanning 
electron microscope. A specially designed cold 
stage (E. Fjeld, Co.) provides a low tempera- 
ture (-185 C) interface for a beryllium holder 
and beryllium shuttle.® A SiLi detector with a 
tilted 30mm? detector chip, bias supply, and 
pulse processor (Tracor Northern) connected to 
an Accuspec/B data acquisition system and ADC 
(Nuclear Data, Inc.) in an IBM PC/AT is used 
for x-ray analysis. To form a quantitative 
elemental image, the electron beam is driven 
by a computer-gnerated voltage sent to the scan 
generation board (x and y ramp voltage), with a 
high throughput digital-to-analog converter 
(Data Translation, Inc. DT2801-A). A computer 
program written in C (Microsoft C version 5.1), 
and similar to that previously reported, con- 
trols the system and performs the spectral 
analysis.® 

Biological specimens (e.g., leech ganglia, 
sciatic nerve, kidney) are frozen and cryosec- 
tioned as previously described, Frozen hydrat- 
ed cryosections (nominally 0.5um thick) are 
then transferred to a cold stage using a spe- 
cialized vacuum transfer device.’ A suitably 
flat, frozen hydrated cryosection is chosen for 
analysis and a micrograph of the secondary im- 
age is made; the cryosection is then parti- 
tioned into compartments according to a super- 
imposed grid pattern and each compartment or 
area (approximately 60 x 60 um) is identified 
and marked on the secondary image. Next the 
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continuum generation rate (continuum counts 
measured for 100 s and corrected for extran- 
eous background) is determined over the energy 
range of 4.6-6.0 keV with a probe current of 
0.4 nA measured by a Faraday cup at the level 
of the specimen. Several measurements are 
made for each area and averaged, and the value 
is stored in a data file along with the unique 
label for the area and section from which the 
measurement was made. After all suitable 
areas have been measured, the cryosection is 
freeze-dried by a raise in the stage tempera- 
ture to -60 C for 30 min within the column 
vacuum. Next the stage is re-cooled and an 
area to be imaged is located by scanning 
transmission electron microscopy (STEM). The 
probe current is increased to 1.4 nA and the 
beam is rastered point by point by use of a 
computerized signal to the scan coils. Spec- 
tra are collected at each point for 4 s live 
time and the spectra are processed according 
to methods previously described (Fig. Da 
This processing basically consists of passing 
the spectrum through a "top hat" digital fil- 
ter, determining total elemental peak counts, 
measuring the continuum generation rate, and 
calculating the elemental mass fraction ac- 
cording to the Hall continuum normalization 
method .*° 

The area to be imaged, which is now visible 
in the frozen-dried state, is located. Next, 
the continuum generation rate of the original 
hydrated area, containing the area to be im- 
aged, is retrieved. That continuum generation 
rate is then scaled (by use of the known lin- 
ear relationship between probe current and 
count rate) in order to calculate the water 
content based on the difference in continuum 
generation rates between the hydrated and 
dried state. Peak-to-background ratios are 
normalized to standards and the values saved 
for latter construction of an image. 


Results 


Mass fraction images can be obtained of 
frozen hydrated (expressed as mmol/kg wet 
weight) concentrations, frozen-dried concen- 
trations (expressed as mmol/dg dry weight) of 
biologically important elements, and water 
content can be images as percent of total mass 
(Fig. 2). Values obtained from such images 
correspond well in both precision and accuracy 
to values obtained by single point area analy- 
sis.” Pixel images (64 x 64) provide reason- 
ably good morphology and sufficient pixel in- 
formation to provide a suitable sample for 
statistical analysis of comparable areas 
(Fig. 3). 


Hydrated Area: Collect 
and store mean 


continuum counts FROZEN DRIED 


Area to be imaged 


FIG. 1.--General analytical algorithm for anal- 
ysis of frozen hydrated cryosections. Area to 
be imaged is subjected to point-by-point analy- 
sis by use of computerized beam control accord- 
ing to predefined matrix, usually 64 columns by 
64 rows. Hydrated mass fraction is calculated 
from water fraction obtained by comparison of 
previously acquired and stored continuum gene- 
ration rate measured in hydrated state, with 
ontinuum generation rate acquired at each lo- 
cation in dried state. 


Discusston 


X-ray images provide an easily interpretable 
image that can be of great use to biolo- 
gists.°°++ Use of the frozen-hydrated specimen 
adds additional information that can provide 
important and physiologically relevant measure- 
ments of cell water and elemental mass frac- 
tions as related to water content. Because the 
eye and brain can do much of the statistical 
processing, the relationship between elemental 
distribution and structure is usually intui- 
tively obvious. 

The methods described are a realtively sim- 
ple approach to the problem of electron probe 
microanalysis of frozen hydrated sections and 
imaging. By measuring the continuum generation 
rate in the hydrated specimen with a very low 
beam induced mass loss to a trivial level in 
terms of quantification with the Hall method 
when applied to these relatively thick cryosec- 
tions. In addition, by reanalyzing in the de- 
hydrated state, both identity and location of 
the area to be analyzed (prior to its actual 
analysis) are readily apparent, peak-to-back- 
bround ratios are greatly improved over those 
of the hydrated state, and the specimen is less 
radiation sensitive than the hydrated specimen, 
which allows higher probe current to be used 
for analysis. The use of relatively high probe 
currents and 0.5yum-thick sections results in 
reasonably good counting rates. Under normal 
circumstances, the major limitation to probe 
current is the deadtime. Since the deadtime 
only serves to increase dwell time, efforts are 
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FIG, 2.--Four quantified images of K distribu- 


tion in leech ganglia. Images on left are 
displayed as wet weight; those on the right, 
as dry weight concentrations. Effect of water 
content on elemental distribution under var- 
ious experimental conditions demonstrates val- 
ue of wet weight images in understanding phys- 
iological changes which might otherwise be 
overlooked. (See also Ref. 9.) 

FIG, 3.--Specific areas of image can be re- 
trieved and elemental content for important 
biological elements averaged and displayed. 
Because of quantitative information available 
from stored images, rigorous comparisons be- 
tween anatomic areas can be made. 


made to keep maximum deadtime less than 30%. 
Use of the above described analytical ap- 
proach makes two assumptions: (1) the frozen 
hydrated cryosection, within the area from 
which the continuum counts are collected, is 
uniform in thickness; and (2) the frozen hy- 
drated cryosection is uniform in average 
atomic number. The former assumption can be 
demonstrated experimentally.° If that assump- 
tion should fail, its failure becomes readily 
apparent in the hydrated images (see, for ex- 
ample, Figs. 4 and 5 in Ref. 5). The latter 


assumption, on the other hand, appears to be 
generally true for biological (nonmineralized) 
tissue, since water and other biological con- 
stituents have nearly the same average atomic 
number. 

One of the major drawbacks of this approach 
is the long time needed to acquire an image. 
For example, a 64 x 64 pixel image requires 
nearly 6 h. This long period of time can lead 
to specimen or instrument drift which necessi- 
tates correction.+* However, because of the 
higher probe current that can be used for anal- 
ysis in the dried state and the amount of mass 
present in these relatively thick sections, 
each pixel has good precision and accuracy. 
Thus, a large amount of information is con- 
tained in, and easily obtainable from, each 
image. Since each pixel is in essence a com- 
plete analysis, it is possible to extract in- 
formation from these pixels for experimental 
purposes, produce line scan histograms, smooth 
and use other conventional image processing 
techniques, and superimpose elemental images to 
provide comparisons between specific elemental 
distributions, 

Since only a few consistent elements are 
usually analyzed in biological tissue (Na, Mg, 
P, S, Cl, K, and Ca), the analytical algorithm 
can be simplified. Consequently, it is pos- 
sible to use relatively simple and low-cost 
computer hardware and software to obtain these 
maps and perform quantitative elemental analy- 
sis. 
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STRATEGIES FOR SPATIAL DECONVOLUTION OF CALCIUM STORES IN CARDIAC MUSCLE 


J. McD. Tormey and L. G. Walsh 


The x-ray spectra obtained when thin biological 
samples are excited by an electron beam common- 
ly include contributions from several adjacent 
structures. In the past several years, most of 
the microanalysis carried out in our laboratory 
has utilized spatial deconvolution techniques 
that take these contributions into account. 

The purpose of this presentation is to describe 
these techniques and to illustrate them by ex- 
amples from recent studies, 

A major goal of our laboratory has been to 
determine the immediate source of contractile 
Ca in mammalian cardiac muscle. Our strategy 
has been to use the electron probe to identify 
subcellular compartments whose Ca concentra- 
tion varies as a function of contractility and 
to estimate whether these compartments contain 
enough Ca to explain quantitatively measured 
force development. 

All measurements reported here were made on 
papillary muscles from the ventricles of young 
adult rabbits. Preparative and analytical 
techniques were similar to those described 
previously.'»* A JEOL 100CX was equipped 
with a W filament and operated at 100 kV with 
probe currents on the order of 4 nA. 


Analysts of Junettonal Sarcoplasmie Reticulum 
(JSR) and Sareolemma (SL) 


When either the JSR or SL of cardiac muscle 
is probed, the electron beam diameter is so 
large that x rays from cytosol, sarcolemma, and 
extracellular fluid are also excited. The con- 
tributions arising from these adjacent phases 
can be evaluated and used to obtain more accu- 
rate estimates of concentrations. We have used 
two different methods to do so. 


Deconvolutton Based on Electron Beam Geome- 
try. We have previously described how spatial 
deconvolution can be performed by considering 
the measured distribution of electrons in the 
probing beam, the dimensions of adjoining 
structures, and their measured compositions .3 
This approach has been applied to three differ- 
ent experimental conditions in which muscle 
contractility varied over a wide range.*>° 

Before deconvolution, mean calcium concen- 
trations in the JSR varied directly with con- 
tractility over a range between 4.0 + 1.6 
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mmol/kg dry mass and 13.6 + 1.5 mmol/kg dry 
mass, Spatial deconvolution based on esti- 
mated electron distribution had a relatively 
small effect, changing the results to 2.5 
mmol/kg dry mass for the lowest contractility 
and 14.8 mmol/kg dry mass for the highest. 

Results with the SL were quantitatively 
different. Mean calcium concentrations varied 
between 8.4 + 1.3 and 17.5 + 2.7 mmol/kg dry 
mass, but they correlated inversely with the 
ionic strength of the bathing solution rather 
than directly with contractility. Spatial de- 
convolution caused all SL calcium concentra- 
tions to increase by a factor of 2. The large 
corrections relative to those for the JSR re- 
flect the facts that the measured probe width 
had a standard deviation of 13.4 nm and that 
the width of the SL was ca. 8 nm (five-fold 
narrower than the JSR). 


Deconvolutton Based on Cobalt EDTA, Ina 
recently completed study,® we employed cobalt 
EDTA’ as an extracellular marker and used it 
to scale the contributions to JSR and SL mea- 
surements that arise from the calcium-rich ex- 
tracellular fluid. (Cobalt-to-calcium inten- 
sity ratios were separately measured for JSR, 
SL, and extracellular fluid.) Contractility 
was maximized by use of paired-pulse stimula- 
tion, and the redistribution of electrolytes 
that occurs over a prolonged period of rest 
was observed. The distributions of Ca after 
rest periods of 30 and 600 s were compared, 
during which time contractility declined by 
86%. Uncorrected microprobe measurements 
showed that during the rest period Ca concen- 
trations in the JSR declined from 13.7 + 0.7 
to 5.0 + 0.5 mmol/kg dry mass. Spatial de- 
convolution based on cobalt EDTA measurements 
once again had a small effect but in a direc- 
tion that emphasized the relative decline in 
concentraiton; corrected values were 12.4 + 
1.6 and 3.3 + 0.9 mmol/kg dry mass, respec- 
tively. 

Over the same rest period, uncorrected SL 
calcium concentrations did not change signif- 
icantly; they were 12.3 + 1.2 and 10.2 + 1.0 
mmol/kg dry mass, respectively. After cobalt 
EDTA corrections, these values dropped to 6.7 
+ 5.2 and 2.1 + 1.2 mmol/kg dry mass. 

In summary, the two methods of spatial de- 
convolution produce similar results when ap- 
plied to JSR but diametrically opposite re- 
sults when applied to SL calcium measurements. 
There are several possible explanations for 
this unexpected discrepancy. The JSR measure- 
ments appear relatively reliable, but the 
ability to obtain reliable microprobe measure- 
ments of Ca associated with the SL remains an 
open issue. 
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Deconvolutton of the "Third" Compartment 


In certain of our earlier studies,*>® sample 
preparation was not good enough to allow direct 
measurement of JSR. As a consequence, the only 
compartments that were directly analyzed were 
cell, myofibrils, and mitochondria. However, 
under certain conditions, ouabain contracture? 
and post-ischemic reperfusion,® cell calcium 
concentrations increased much more and much 
less, respectively, than could be accounted for 
by the concurrent changes in myofibril and 
mitochondria calcium, It was obvious that a 
third subcellular compartment (nonmyofibrillar 
and nonmitochondrial) was convolved in the cell 
measurements. Of particular interest to us, 
the principal contents of this compartment 
should be the T tubules and the total sarco- 
plasmic reticulum (SR). 

We therefore developed a simple approach to 
deconvoluting the third compartment.” The myo- 
cardial cell is treated as three anatomical 
compartments: myofibrils, mitochondria, and a 
third compartment that contains the remaining 
subcellular structures. The intensity of Ca 
xX rays measured when an electron beam rasters 
a cell is proportional to the amount of Ca 
present in the cell. In turn, this intensity 
is the weighted sum of the x-ray intensities 
that would be generated by each compartment if 
it alone were irradiated; i.e., 
ell . yfibr,fibr 4 pmito,mito ‘ piiptii 
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are the intensities of Ca x rays that would be 
measured over cells, myofibrils, mitochondria, 
and the third compartment, respectively, during 
separate analyses of each region, and the cor- 
responding values of F are volume fractions 
that can be obtained by morphometric analysis. 

The third compartment includes all compon- 
ents of the SR, plus some T tubules and free 
sarcoplasm. Additional microprobe measurements 
of T tubule contents and of T tubule associat- 
ed sarcolemma, combined with morphometric 
data, suggested® that under control conditions 
more than 90% of the.Ca in the third compart- 
ment is within the SR. 

We have now used this approach to measure 
the change in third compartment calcium content 
that accompanies prolonged periods of rest.°® 
(This was part of the study employing cobalt 
EDTA described in the preceding section.) Dur- 
ing the interval between 30 and 600 s rest, 
the cell calcium concentration dropped by 0.9 
mmol/kg dry mass (in good agreement with re- 
sults of wet chemistry'®). Over this time in- 
terval, calcium concentrations in the myofib- 
rils, mitochondria, T tubules, and sarcolemma 
did not change significantly. 

Calculations show that in this experiment 
the drop in third compartment calcium content 
is 0.7 mmol/kg dry mass of the entire cell. 

We interpret this as a change in the calcium 
content of the total SR. When this quantity 
is compared with biochemical estimates 21,12 
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it appears quite sufficient to explain the 
concurrent change in cardiac contractility. 


Coneluston 


Two strategies of spatial deconvolution 
have been applied to cardiac muscle and give 
complementary analytical results, which indi- 
cate that, at least under certain conditions, 
the concentration of calcium in the JSR and 
the calcium content of the total SR correlate 
closely with contractility. This correlation 
in turn indicates a likely source for contrac- 
tile calcium in the mammalian myocardium. 
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X-RAY MICROANALYSIS OF VENTRICULAR MYOCYTES: VOLTAGE-CLAMP AS A TOOL FOR 
GRADATION OF Ca-INFLUX, Ca-LOAD AND CONTRACTILITY 


M. F. Wendt-Gallitelli and G. Isenberg 


The Ca-ions entering through the sarcolemma at 
depolarization into the ventricular myocyte 
contribute to the Ca load of intracellular com- 
partments such as sarcoplasmic reticulum (SR). 
It has been shown that this SR Ca load deter- 
mines the degree of contractile activation.? 
Ventricular myocytes of most species, e.g., 
from guinea pigs (but not from rats), are de- 
pleted of Ca when they remain unstimulated for 
a period longer than 10 min. Upon resumption 
of stimulation, Ca influx through channels and 
via Na,Ca exchanger loads the SR with Ca, and 
amplitude and rate of contraction increase 
simultaneously. Here, we use the voltage- 
clamp technique to grade the amount of Ca in- 
flux. In addition, the recorded membrane cur- 
rent is an estimate of the amount of Ca in- 
flux. We aim to relate this amount to the to- 
tal Ca concentration as detected by EPMA in 
such compartments as sarcolemma, subsarcolem- 
mal SR, junctional SR, corbular SR mitochon- 
dria, and cytosol. 

During experiments, the isolated myocytes 
were superfused with a prewarmed (35 C) phys- 
iological salt solution containing 3.6 mM 
CaCl,. For the experiment, a cell was trans- 
ferred by means of a patch pipette into the ta- 
per of a silver holder covered by pioloform 
film. Once the cell was on the film, normal 
action potentials and contractions were record- 
ed. Then, voltage-clamp pulses were applied 
at 1 Hz. Starting from the resting potential 
(~80 mV), a 20ms long pulse to -45 mM (inacti- 
vation of fast sodium current) was followed by 
a 180ms-long depolarization to +5 mV and re- 
polarization back to -80 mV. For paired-pulse 
stimulation, a second pulse to +50 mV (160 ms) 
followed the first one after 20 ms. The amount 
of Ca influx was estimated from the Ca current. 

The myocytes were shock frozen after the 
staircase potentiation had stabilized. Shock 
freezing was timed as follows: (a) "presystol- 
ic," i.e., during diastole immediately before 
the pulse, and (b) "systolic," i.e., 110 ms 
after start of the pulse, which is the time to 
peak of contraction. 

Electron micrographs from freeze-substituted 
cells revealed the good preservation of the in- 
tracellular compartments. The myocytes were 
cut at -150 C and the cryosections were freeze 
dried. The elemental distribution in the iso- 
lated myocytes was analyzed in a Philips CM 12 
STEM equipped with a LaBg filament, a Gatan 
cryotransfer stage, and a 30mm? Link energy- 
dispersive Si(Li) detector. Quantification 
of elements was carried out according to the 
Hall continuum-method? by means of the Link 
"quantem" program (System 860-500). Spectra 
of cell compartments were collected in the 
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STEM mode at 100kV acceleration voltage. The 
analyzed area was set according to the struc- 
tures to be analyzed. Time of analysis was 
extended from 100 to more than 1000 s, depend- 
ing on the instrumental error of the Ca mea- 
surements. Variations in the elemental con- 
centration of the groups were tested with 
analysis of variance for simultaneous control 
of all groups and followed by an @ postertort 
paired comparison. 

The elemental distribution in the isolated 
myocytes is essentially the same as in cor- 
responding multicellular ventricular thin 
trabeculae.’ In cells that remained unstimu- 
lated for 15 min or longer, all compartments 
did not reveal detectable calcium. In myo- 
cytes frozen presystolic after application of 
voltage-clamp pulses, contractility was en- 
hanced and Ca became detectable in the junc- 
tional SR (adjacent to t-tubuli) and at the 
cell border. In some experiments the period 
of depolarization was extended, which in- 
creased Ca influx. This procedure loaded the 
compartments to a larger extent. Application 
of paired pulses was that intervention which 
potentiated the contractility the most (extent 
of shortening up to 25%). Under those condi- 
tions, Ca accumulation in the compartments was 
further enhanced, predominantly in the junc- 
tional and corbular SR. 

When the cells were frozen systolic, i.e., 
at the peak of contraction, the Ca concentra- 
tion in the cytosol was elevated. The Ca con- 
centration in compartments fell to a value that 
was Similar to the one in the cytosol. The 
amount of Ca influx was compared with the sub- 
cellular Ca distribution as analyzed by the 
energy-dispersive x-ray microprobe in the 
above compartments. The measured Ca load is 
consistent with the amount estimated from the 
Ca influx. 
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X-RAY MICROANALYSIS OF ISOLATED CARDIAC MYOCYTES 


Alice Warley 


Cardiac myocytes, isolated from adult animals, 
have become a useful in vitro model for the 
study of cardiac function and metabolism. 
Preparations of isolated myocytes consist of 
two morphologically distinct cell types, round 
cells and rod-shaped cells; the rod-shaped 
cells are viable, the round cells are not. 
Morphological studies have shown that the 
structure of the sarcolemma of the rod-shaped 
cells is not grossly altered during the isola- 
tion procedure.’ Study of the elemental compo- 
sition of the isolated cells should indicate 
whether the sarcolemma remains functionally in- 
tact, and is able to maintain normal intracel- 
lular concentrations of electrolytes. 


Methods 


Cardiac myocytes were isolated from the 
hearts of male NZW rabbits by collagenase dis- 
agegregation.? The cells were concentrated by 
centrifugation (500 g, 5 min) and drops of the 
pellet were placed on silver stubs and frozen 
in liquefied propane. Cryosections were cut 
at -130 C collected onto Pioloform-coated Ni 
grids, transferred to a freeze drier and freeze 
dried overnight. The sections were carbon 
coated before analysis. Analysis was carried 
out on a JEOL 100CX STEM electron microscope 
at 100 keV and 1.5 nA beam current. Spectra 
were collected and processed by use of a Link 
Analytical 800 series EDS detection system. 


Results and Diseusston 


Analysis of the myofibril region of the 
cells showed that elemental concentrations dif- 
fered in the round and rod-shaped cells. Round 
cells showed high concentration of Na coupled 
with low concentrations of K and the presence 
of detectable concentrations of Ca. These 
findings are consistent with the round cells 
having suffered gross damage to the plasma 
membrane and are in agreement with functional 
studies which show that the round cells are 
nonviable. 

Measured mean concentrations of Na, Mg, and 
K in the myofibrillar region of the rod-shaped 
cells were Na, 128 mmole/kg dry weight; Mg, 36 
mmole/kg dry weight and K, 407 mmole/kg dry 
weight. The concentration of Na in the fresh- 
ly isolated cells was higher than that ob- 
tained from bulk analysis of rabbit ventri- 
cle.* The high mean concentration of Na in 
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the isolated cells was due to both the presence 
of some cells with high Na concentrations, and 
an overall low K/Na ratio. Incubation of the 
isolated cells at 37 C for 30 min resulted in 
an increase in the K/Na ratio. 

Myocytes isolated from the hearts of rabbits 
fed a K-depleted diet showed high K/Na ratios 
immediately after isolation without the need 
for incubation, In rabbits, cardiac tissue 
adapts to K depletion by an increase in Na pump 
density. The increase in K/Na ratio in the 
freshly isolated cells from the K-depleted ani- 
mals reflects this adaptation. 
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AN ELECTRON PROBE X-RAY MICROANALYSIS COMPARISON OF Na DETECTION WITHIN CULTURED 
HEART CELLS BY USE OF Be WINDOW AND WINDOWLESS Si(Li) DETECTORS 


M. C. Carney, J. L. Lehman, Peter Ingram, Ann LeFurgey, 
L. A. Hawkey, and Melvyn Lieberman 


Quantitative electron probe x-ray microanalysis 
(EPXMA) has been used extensively in investiga- 
tions of Na compartmentation within cells from 
numerous tissues.+ In myocardium, for example, 
the ionic content of heart cells under steady- 
state conditions is maintained by the counter- 
balancing effects of Na extrusion and the dif- 
fusion of other ions and molecules down their 
electrochemical gradients. Changes in both 
total and compartmental Na content, via inhi- 
bition of Na-K ATPases or alteration of the 
transmembrane gradients for Na, K, Ca, and Cl, 
can occur during a variety of physiological 
conditions or as a result of pathological or 
pharmacological agents. The role of Na-Ca ex- 
change in maintaining ionic homeostasis has 
been examined in our laboratory? and by oth- 
ers.> Such experiments require that the 
transmembrane Na gradient be reversed; thus 
total intracellular Na is lowered to levels 

of <5 mmol Na/mg dry weight. Under such con- 
ditions, the measurement of Na by EPXMA is 
more difficult because Na is decreased to val- 
ues near the detection limits.* In contrast, 
the measurement of Ca by EPXMA is made more 
favorable because Ca is elevated to values 
above the minimum detection limits. 

Spectral measurements have previously been 
performed with an energy-dispersive x-ray 
(EDX) detector equipped with a beryllium (Be) 
window. The Be window strongly absorbs x rays 
below 1 keV; removal or replacement of the Be 
window with an ultrathin window improves pros- 
pects of analysis in this region.° 

Although quantifying low Na amounts within 
these cells is an ultimate goal, the purpose 
of this preliminary study is to consider pos- 
sible advantages of such detectors over Be 
window detectors in the study of biological 
specimens. As a first step, we report on the 
analysis of Na in cryosections of heart cells. 
We evaluated detector performance using both 
normal (control) Na preparations and experi- 
mental preparations with elevated intracellu- 
lar Na, prepared by incubation with ouabain. 
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Sample Preparation 


Cell Culture. For x-ray microanalysis, ag- 
gregates of heart muscle cells were obtained 
as previously described.® Briefly, muscle- 
enriched cells from 11-day-old embryonic chick 
hearts were used to seed agar-coated culture 
dishes containing small openings (20 um). The 
cultures were incubated for 3 or 4 days at 37 C 
in a humidified chamber containing 4% CO, 
and 96% air. Cells cultured under identical 
conditions for 3-4 days were then incubated 
for 60 min in either Hepes-Tris balanced salt 
solution (HT-BSS) or K-free HT-BSS plus 107" M 
ouabain. The cultures were observed by light 
microscopy and small, 50-100um spontaneously 
beating aggregates were chosen for rapid 
freezing. 


Cryopreservatton, Individual aggregates of 
cells were withdrawn from the medium into a 
pipette attached to a syringe and placed on a 
cryomicrotome specimen stub precoated with a 
drop of 20% gelatin solution. The aggregate 
on the specimen stub was rapidly plunged into 
liquid nitrogen-cooled liquid propane and then 
stored under liquid nitrogen. Average time 
from withdrawal of the aggregates from the cul- 
ture dish to freezing was <20 s, Frozen ag- 
gregates from each experiment were then pro- 
cessed by cryosectioning at -140 C, freeze 
drying and carbon coating prior to EPXMA,’ 


X-ray Microanalyats 


The freeze-dried cryosections were analyzed 
by use of two similar scanning transmission 
electron microscopes (STEM) [JEOL JEM1200EX]. 
One microscope was equipped with a 30mm? Si(Li) 
beryllium window detector [Tracor Northern] 
and TN 5500 analyzer, the other with a 30mm? 
windowless Si(Li) detector [Link Analytical 
LZ-5] and AN10000 analyzer. The detectors were 
mounted normal to the beam direction in both 
instruments (side-entry configuration). 

The microscopes were operated with LaB, fil- 
aments at 80 keV and identical lens and aper- 
ture settings in the STEM mode. The condenser 
lenses were set on each instrument to obtain 
probe currents of approximately 10°? A. The 
specimens were mounted on nickel grids, within 
a cryotransfer stage [Gatan 626] operating at 
-120 C, The stage was eucentrically tilted at 
35° from the horizontal toward the EDX detec- 
tor, which was placed close to the sample such 
that the solid angle subtended was as large as 
possible, i.e., approximately 0.13 sr. The 
pulse processors were set at 10 eV/channel, 
with approximately 40 us processing time. 
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TABLE 1,.--Peak-to-continuum mean values of Na, K, and Cl in Be window (BeW) and windowless 


(NoW) detectors, 
standard deviation of the mean. 


The means are the average of 8 or 9 individual 500s acqusitions. 


SD = 


BeW NoW BeW NoW BeW NoW 
Na K Cl 
Control 0.051 0.146 * 1.104 1.218 0.231 0.257 
+SD 0.030 0.097 0.226 0.366 0.109 0.111 
Ouabain 0.096 0.254 * 0.255 0.227 0.153 0.205 
+SD 0.042 0.112 0.089 0.057 0.051 0.090 


*Significant difference between detectors by Student's t-test (p<0.01). 
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FIG, 1.--Be window (A) and windowless (B) spec- 
trum from nucleus of heart cell under control 
conditions. 


Prior to use, the crystal of the windowless 
detector and the cryotransfer stage were heat- 
ed to remove water and hydrocarbon contamina- 
tion. Organelles were probed on control and on 
higher Na-containing ouabain-treated samples. 
The spectra were acquired from a “1 ym? raster 
area within selected organelles for 500 live- 
time seconds, Adjacent mitochondrial, cyto- 
plasmic, and nuclear regions of the same sec- 
tion were probed on both instruments. 


Results 


The spectra were evaluated by a peak-to-con- 
tinuum method.® Peak regions 120 eV wide cen- 
tered on the peak centroid were established for 
the elements of interest. The net peak inte~ 
gral was calculated by linear interpolation be- 
tween the region end points. A 260eV continuum 
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region was defined in the peak free region be- 
tween 2.87 and 3.13 keV. This region was se- 
lected because the integral continuum counts 

in this region are unaffected by the presence 
or absence of the Be window. The effect of a 
windowless detector on the low energy region 

of the spectrum can be seen in Fig. 1 where a 
typical spectrum from each detector is shown. 
The Na peak using the windowless detector is 
symmetrical, laying on a relatively flat 
background. Although there are obvious dif- 
ferences between the detectors at the low ener- 
gy end of the spectrum, there are no noticeable 
differences at higher energies. The absence of 
the Be window enables the detection of the C, 
N, O K lines and Ni L lines, 

The ratio of the peak-to-continuum values 
are averaged and summarized in Table 1. The Na 
peak-to-continuum ratio is significantly higher 
in the windowless mode; there is no significant 
difference seen in either case in the Cl and K 
ratios. This observation is made in both the 
control and ouabain conditions. Similarly with 
both detectors, intracellular Na is increased 
and K and Cl are decreased following exposure 
to ouabain. 


Discusston 


With the windowless detector, an increased 
Na peak-to-continuum ratio was seen, but no 
change was seen in the K and Cl ratios. The 
known attenuation of low-energy x rays by the 
Be window predicts this observation. It is 
possible for ice and organics within the mi- 
croscope to build up on the surface of a win- 
dowless detector crystal, thus reducing the 
detector response to low-energy x rays. AS 
noted above, it is necessary to condition the 
crystal by removing any ice and other contam- 
inants in order to detect low-energy x rays 
reproducibly.?° 

An increase in Na and decrease in K and Cl 
were noted with ouabain in both detectors, and 
the magnitude of the ouabain induced elemental 
change was similar between detectors. For ex- 
ample, the values for Na showed an increase of 
factors of 1.88 and 1.74, respectively, for 
the beryllium window and windowless detectors. 
The Na, Cl, and K response to ouabain follows 
the same trends as in the quantitative values 
reported previously for cultured heart cells.° 

The approximately three-fold increase in the 
Na peak-to-continuum ratio reflects the sen- 
Sitivity of a windowless detector to the low- 


energy region, which provides better statisti- 
cal accuracy for cellular Na measurements and 
may bring the results of low-Na transmembrane 
manipulations within detection limits. The 
improved sensitivity should also lower the Na 
minimum detectable mass (MDM), determined by 
count rate, and minimum detectable concentra- 
tion (MDC), determined by peak-to-background 
ratio. With regard to quantitation, the er- 
rors in Na quantitation due to digital filter- 
ing of the slowly varying continuum’? should 
not be a problem with windowlesss detectors, 
for the continuum shape is dramatically differ- 
ent, 

We are currently preparing suitable stan- 
dards with which to estimate the MDM and MDC 
of elements of biological importance in the 
low-energy region. Future work will include 
the use of the windowless detector to evaluate 
quantitatively low-Na transmembrane manipula- 
tions. 
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RAPID FREEZING OF HAMSTER HEARTS IN VIVO AT DEFINED 
TIMEPOINTS OF THE CARDIAC CYCLE 


M. Bond and A.-R. Jaraki 


The technique of electron probe microanalysis 
(EPMA) is uniquely able to measure subcellular 
elemental concentrations in situ with nanometer 
spatial resolution.!** The majority of EPMA 
studies have been carried out on isolated 
tissue preparations rapidly frozen in vitro, 
e.g., vascular smooth muscle strips,*® bundles 
of skeletal muscle fibers,* or freshly isolated 
or cultured cell preparations.°»® In vitro 
preparations are ideal for rapid freezing for 
EPMA, since the dissected piece of tissue is 
sufficiently small not to constitute a signif- 
icant heat sink and thus freezing rates are 
optimized.’ Nevertheless, as documented by 
recent EPMA studies performed on rat liver.°°9 
pancreas,!° prain cortex,!! lung,!* and kidney 
papillae!? rapidly frozen in vivo, tissue need 
not necessarily be excised from the animal 
for elemental composition to be successfully 
measured at the subcellular level. For 
example, in the rat liver rapidly frozen in 
vivo,’ measurements obtained by EPMA demonstra- 
ted that the principal subcellular store of 
Ca2+ was localized in the endoplasmic 
reticulum (ER) and not in the mitochondria, 
as had previously been proposed.!+ With a 
similar in vivo freezing protocol, EPMA 
measurements demonstrated that vasopressin 
stimulation of the liver in vivo could directly 
activate release of Ca*+ from the ER and stim- 
ulate the uptake of Mg?* (but not Ca**) into the 
mitochondria. 9 

For the investigation of Ca*+ compart- 
mentation in cardiac muscle and Ca** move- 
ments during the cardiae cycle, the measure- 
ment of subcellular Ca** concentrations by EPMA 
in the intact beating heart in vivo would be a 
useful corollary to the EPMA measurements of 
subcellular elemental composition that have 
previously been obtained in cryosections of 
rapidly frozen papillary muscle or other in 
vitro cardiac preparations.!5-!8 To achieve 
this aim, we have recently developed a protocol 
that permits rapid freezing, with good ultra- 
structural preservation, of the intact, spon- 
taneously beating hamster heart in vivo at 
precise timepoints of the cardiac cycle.!9 


Experimental 


In contrast to other tissues that have been 
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rapidly frozen in vivo, cytosolic Ca#+ in the 
heart is known to be constantly cycling. 
Therefore, in order to know the precise time- 
point in the cardiac cycle at which the beat- 
ing heart is frozen in vivo, left ventricular 
pressure (LVP) or some other physiological 
indicator must be continuously monitored, right 
up to the moment the heart is frozen. 

The experimental procedures that we have 
developed for rapid freezing of the heart in 
vivo will be described as performed for the 
hamster heart;!2 however, we have found these 
methods to be also applicable to rapid freez- 
ing of rat or guinea pig heart in vivo 
(unpublished observations). 

Hamsters anesthetized with Inactin (80-90 
mg/kg) are tracheotomized and ventilated with 
room air (80-90 strokes/min; tidal volume: 
1-1.2 ml). The femoral and right carotid 
arteries are then cannulated with PE10 tubing. 
Blood gases are measured from a 200yu1 sample 
of arterial blood from the femoral artery to 
insure that blood pH, pO», and pCO. are within 
physiological limits. A cannula is inserted 
from the right carotid artery into the left 
ventricle for recording of LVP. The abdomen 
is then opened, the diaphragm cut,a medial 
incision made into the sternum and the ribs 
frawn back towards the head. A superficial 
suture is placed in the apex of the heart and 
a "lung-pressor,'' a curved piece of Teflon 
with a central hole in it, is then placed over 
the exposed thorax and the heart allowed to 
protrude through the hole. This procedure 
allows the heart to be clear of other organs 
when frozen. To prevent the surface of the 
heart from drying in room air, warmed saline 
(37 C) is dripped over the surface of the 
heart after it is exposed. The arrangement 
for rapid freezing of the hamster heart in 
vivo is shown in Fig. l. 

The heart is rapidly frozen by a pair of 
hand-triggered aluminum clamps (Bioinstru- 
mentation Group, University of Pennsylvania) 
with freezing surfaces of frozen Freon 22 
(-160 c).!° These clamps were previously used 
for rapid freezing of rat liver and rat 
pancreas in vivo.°~!9 Freezing of the heart 
in vivo is achieved by gently lifting of the 
beating heart away from the body by the apical 
suture and, with the heart positioned between 
the opened clamps, rapid triggering of the 
clamps to close. The precise timepoint at 
which the heart is frozen is recorded as a 
sharp artifact on the LVP trace (Fig. 2). 

Ultrathin cryosections are then cut from the 
surface of the frozen heart, as previously 
described,!9 which insures that the plane of 
the sections is parallel to the surface of the 


FIG. 1.--Experimental arrangement used for rapid 
freezing of hamster hearts in vivo. Heart is 
gently lifted away from the body by apical 
suture and lungs are kept out of path of clamps 
by a Teflon "lung pressor" (stippled). Al cups 
are filled with frozen Freon 22 (shadowed). 


FIG. 93. 


Freeze-dried cryosection cut from 
surface of hamster heart rapidly frozen in vivo. 
A and I bands, as well as M-lines and Z-bands, 


are clearly visible. 
regions: mitochondria. 


Dark, electron opaque 
Scale = 2 um. 


heart. Since the most superficial muscle fibers 
run parallel to the surface of the heart, the 
cardiac muscle cells are then longitudinally 
oriented in the cryosections. An example of a 
freeze-dried cryosection cut from the surface of 
a hamster heart rapidly frozen in vivo is shown 
in Fig. 3. Energy-dispersive x-ray spectra are 
obtained from subcellular compartments (A-band, 
mitochondria) as well as from the whole cell in 
cryosections from the rapidly frozen hearts. 


Results and Conelustons 


In view of evidence in the literature that 
cardiac muscle cells in hearts of the cardio- 
myopathic hamster may be overloaded with 
Ca2* 29-22 subcellular Ca** composition in 
normal and cardiomyopathic hamster hearts, 
rapidly frozen in vivo in diastole, was compared 
(Table 1). 

The mitochondrial Ca** content measured in 
normal hamster hearts (''control;"’ Table 1) was 
found to be very low and within the range of 
values previously measured by EPMA in other 
tissues both in vivo and in vitro.23>8>2 Thus, 
in the beating heart in vivo, where mitochondria 
constitute 35-40% of the cell volume, these EPMA 
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FIG. 2.--Left ventricular pressure trace from 
contracting hamster heart in vivo, indicating 
precise timepoint (upward arrow) at which 
beating heart is rapidly frozen by clamps. 


TABLE 1.-- Cellular and subcellular Ca2* composi 
tion of normal and myopathic hamster hearts rap- 
idly frozen in vivo. 


(mmol Ca?* /kg dry wt_+ SEM) 


nr OO emcee fete ee ee eS hr 


AGE STRAIN CELL MITOCHONDRIA 

50 days CONTROL 341407 0.9402 2.6404 
50 days MYOPATHIC 2.9405 07202 3.0404 
97 days CONTROL 25407 1.2404 3 740.8 
97 days MYOPATHIC 3320.5 09+0.3 36+04 


ene game em ae cere nem nem mtn ee A Ht OL Op A nn ra AR re 


No statistically significant differences were found in Ca?* concentration within subcellular 
regions, amongst the four groups 


results indicate that mitochondria do not 
appear to act as Significant Ca2”. storage 
sites. The Ca** concentrations measured in the 
A-band and whole cell are somewhat higher than 
previously measured in cryosections of rapidly 
frozen papillary muscle preparation.!5>18 

This is likely to be due to the fact that the 
in vivo heart rate (4-6 Hz in the hamster!9) is 
significantly higher than the rate of electri- 
cal stimulation of isolated papillary muscles 
(generally less than 0.5 Hz). Thus, in the 
hearts frozen in vivo, less time is available 
between beats for removal of Ca** from the 
cytoplasm (e.g., from Ca2* binding sites on 
troponin C), by uptake of Ca** into the 
sarcoplasmic reticulum and/or by efflux from 
the cell. 

In regards to subcellular Ca#* content in 
cardiomyopathic hamster hearts, these studies 
reveal that, contrary to expectations based on 
previous measurements of total Ca** content of 
homogenates of whole hearts,*!>»23 in general, 
cardiac muscle cells of myopathic hamster 
hearts do not appear to be Ca2* overloaded. 
Nevertheless, highly localized elevations of 
cellular and subcellular Ca?” were found in 
damaged or dying cardiac myocytes in the 
vicinity of necrotic foci.!9 These measure- 
ments therefore demonstrate that there is a 
marked heterogeneity in cellular Ca2* content 
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throughout the hearts of cardiomyopathic 
hamsters and refute the Bypothests of a gen- 
eralized and widespread Ca** overload, at least 
under baseline conditions (absence of inotropic 
stimulation). 

The EPMA measurements of subcellular Ca** 
content in normal and myopathic hamster hearts 
reported here, and in detail elsewhere!®? testi- 
fy to the feasibility of measuring subcellular 
elemental content by EPMA in freeze-dried 
cryosections from the intact beating heart, 
rapidly frozen in vivo. For some investiga- 
tions, e.g., the effects of altered coronary 


blood flow on cardiac performance and on elemen- 


tal composition, or the actions of circulating 
hormones on cardiac metabolism, the option of 
"in vivo EPMA" should prove to be a useful and 
valid experimental approach. 
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COMPARISON OF DAMAGE PRODUCED BY PHOTON AND ELECTRON EXCITATION 


D. B. Wittry, D. M. Golijanin, and S. Sun 


Many investigators who are accustomed to using 
electron beams for exciting x rays and who have 
a knowledge of x-ray interactions with matter 
are still unaware of the large difference in 
the damage produced by x-ray photons and by 
electrons in the range of 5-100 keV when pho- 
tons or electrons are used as a means of exci- 
tation for x-ray spectrochemical analysis. In 
this paper, we compare the energy dissipation 
in specimens of various atomic number produced 
by electrons and by x rays. The comparison is 
made first on the basis of the energy loss for 
a given path length, then on the basis of the 
number of inner-shell excitations produced for 
a given energy dissipiation, and finally on the 
basis of the energy dissipated in a specimen 
when detecting :elements present at a given lim- 
it of detectability. It is shown that not only 
are x rays less damaging than electrons, but 
because of the selective excitation by x-ray 
photons and the lower background produced in 
the specimen, the damage produced can be up to 
six orders of magnitude less than when electron 
excitation is used. 


Energy Loss per Untt Path Length 


For x-ray photons, the energy absorbed by a 
specimen in a path length dx is given by 


dE, = E, YC )icipde (1) 


where E,, is the photon's energy, cj is the 
weight fraction of element i, p is the density, 
and (u/p)q_ is the mass absorption coefficient 
of element i. The corresponding quantity for 
electrons is given by Bethe's retardation law:? 


7.85 x 10*pZdzx 


1.166E 
= ——— 
EA 


dE, = 1 7 keV (2) 


In this expression, Z is the average atomic 
number, A is average atomic weight, E is the 
electron energy in keV, and the average ioniza- 
tion energy J is given by 
a 


J = (9.767 + 58.52 ~")107* keV (3) 


The specimen's density occurs in both of 
these expressions and hence it is convenient to 


D. B. Wittry is in the Departments of Mater- 
ials Science and of Electrical Engineering, and 
S. Sun is in the Department of Materials Sci- 
ence at the University of Southern California, 
Los Angeles, CA 90089-0241; D. M. Golijanin is 
in the Electronics Division, Xerox Corp., A3-26, 
El Segundo, CA 90245. 


plot dE/d(px) as a measure of the energy loss 
per unit path length. The results are shown 
in Fig. 1 for elemental specimens based on 
mass absorption coefficients of Heinrich. ? 


dteay! kev cm* ) 


ELECTRON ENERGY (keV) 


PHOTON ENERGY (keV) 


FIG, 1.--Mass stopping power of elemental spec- 
imens for electrons and photons as a function 
of particle energy. 


Characteristic Exettattons for a Given Damage 


X rays are inherently more efficient for 
generation of inner-shell excitations than are 
electrons. That is true because the fraction 
of the x-ray photon's energy absorbed by 
atoms that goes into inner-shell excitation 
is given by 


rp l 


f= (4) 


ry 


where rj is 
sponding to 


the absorption jump ratio corre- 
level i (e.g., ry for K excita- 
tion). The absorption jump ratio for the K 
edge varies from about 14 for low atomic num- 
ber to a little over 4 for high atomic number.? 
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Thus, the fraction of energy absorbed that pro- 
duces K ionization ranges from 93% to 75%. 

The number of K ionizations of element A per 
unit path length for x-ray excitation is given 


(5) 


Then, for x-ray excitation, the ratio of the 
number of ionizations to the energy dissipated 
is given by 


Se = ea aE DE ed 


6 
am, AG) ee 


The corresponding ratio for electron excitation 
may be obtained from the following expression 
for the number of ionizations in a layer of 
thickness dx: 

dry = ca(pN/A)Qx(Ex, E)dx (7) 
where Q,(Ey,E) is the cross section for K ion- 
ization for which the Bethe cross section? may 
be used: 


7.058 x 10*, 0.65E 


7.058 x 10", 0.658 (8) 
Nine "a, ) 


Qx = 


where N is Avogadro's number, E, is the critical 
excitation energy in keV, and E is the elec- 
tron's energy in keV. By using Eq. (2) for the 
energy dissipation of an electron beam, we ob- 
tain the following ratio of the number of ion- 
izations to the energy dissipated in the speci- 
men for electron excitation: 


dng _ 0.9c4ln(0.65E/Ex) 
dE, ZExIn(1.166E/J) 


(9) 


The ratio of Eq. (6) to Eq. (9) gives the rela- 
tive efficiency of photons compared with elec- 
trons for exciting K levels in a specimen. 

Because of the importance of nondestructive 
analytical techniques for biological materials, 
we illustrate this ratio for a specific case, 
namely Ti Ka radiation exciting Ca K levels. 
Without considering the details of the specimen 
composition, we assume that a nondehydrated bio- 
logical specimen would consist almost entirely 
of water; a dehydrated specimen would have a 
composition that would more closely resemble 
pure carbon. These limiting cases are shown in 
Fig. 2, which compares the efficiency of Ti Ka 
photons with the efficiency of electrons for ex- 
citing Ca K levels. In addition, we have also 
shown the case for calcium phosphate which in 
bone consists of Caz(P0,), and in teeth is in 
the form of apatite, Cas(PO4)3 (OH, Cl, F). The 
mass absorption coefficients used in Fig. 2 were 
as follows: 


(ufo) for calcium = 772.2 cm?/gm 
(u/o) for water = 58.2 cm?/gm 

(u/p) for carbon = 23.8 cm?/gmi 
(u/o) for phosphorus = 370.0 cm?/gm 


a, 


Ca,(PO,), 
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FIG. 2.--Relative efficiency for excitation of 
calcium K levels by titanium Ka radiation and 
electrons of various energy. 


Damage Produced for Comparable Detection Limits 


In a previous paper* we compared the detec- 
tion limits for x-ray analysis based on elec- 
trons and photons. For a measurement time of 
100 s, it was anticipated that the detection 
limit based on wavelength-dispersive spectrome- 
try would be as low as 2.67 x 10°’ parts by 
weight. This estimate may be compared with a 
typical value for electron-probe microanalysis 
of 10°". The factor of 370 lower detection 
limit is almost entirely due to the fact that 
the photon excitation produces less background 
than the electron excitation (e.g., the signal/ 
background ratio for a pure specimen is about 
10° for photon excitation vs 103 for elec- 
tron excitation). Since the detection limits 
are inversely proportional to the square root 
of the background, the damage produced for com- 
parable detection limits would be reduced for 
photon excitation by an additional factor of 
approximately 10*. 
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AN ELECTRON SPECTROSCOPIC STUDY OF ICE 


J. R. Dunlap, Suichu Luo, R. D. Bunn, and D. C. Joy 


It is now standard practice to perform micro- 
analysis on biological specimens in their fro- 
en hydrated form. The technique of cryofixa- 
tion preserves structure and the distribution 
of diffusible elements within the materials, 
while minimizing the unavoidable background of 
extraneous elements introduced by chemical fix- 
ation. The resultant sample is then to a first 
approximation a dilute solution of various ele- 
ments and compounds in ice and consequently the 
properties of the ice become important to the 
interpretation of any spectra and images ob- 
tained. In this paper we report on some pre- 
liminary observations of, and calculations on, 
the inelastic mean free path and plasmon loss 
energy for vitreous ice. 


Methods and Matertats 


Samples of vitreous ice were obtained from 
the Controlled Environment Vitrification System 
(CEVS) described by Bellare et al.* A 5ml1 drop 
of water was pipetted onto a holey carbon filn, 
then thinned and flash frozen in liquid ethane. 
This technique produces a thin layer of vitri- 
fied ice spanning the holes in the film. Sam- 
ples were transferred to an Hitachi H 800 TEM/ 
STEM using a Gatan cryo-transfer holder, and 
observed at 200 keV in the scanning transmis- 
sion electron microscopy (STEM) mode while be- 
ing maintained at a temperature of about 100 K. 
Annular dark-field (ADF) and energy-filled (EF) 
images were collected, through a carefully lin- 
earized video chain,” by an ORTEC EDSII digital 
imaging unit. The ADF and EF images were ac- 
quired simultaneously as 256 x 256 pixel x 16 
bit arrays. Stored images were transferred to 
(and subsequently analyzed on) a VAX based 
Perceptics 9200 image analysis system. 

Spectra were collected through a GATAN 607 
electron energy loss spectrometer system also 


interfaced to the ORTEC EDSII multichannel ana-_ 


lyzer. 


Results and Diseusston 


The thicknesses of the ice film were deter- 
mined from images of the type shown in Fig. 1. 
From the known mass-thickness variation of the 
polystyrene spheres with radial position, a 
calibration curve of absolute fractional dark- 
field signal intensity (i.e., dark-field signal 
normalized by the incident beam current) vs 
mass thickness was constructed (Fig. 2). The 
thickness of the ice film at any position with- 
in the field of a stored image could then be 
read off directly from the digitized intensity 
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FIG, 1,--Vitrified sample of 264nm polystyrene 


spheres in water. Line trace shows relative 
intensity across two pheres. (a) ADF-STEM, 
(b) EF-STEM image. -Note intensity inversion 
with increasing thickness. 


and the calibration data. Films were general- 
ly found to range in thickness up to 350 nm 
depending on the poSition analyzed. As noted 
by Carlemalm et al.,* even at relatively high 
mass thicknesses ice films have a low inherent 
contrast and therefore form a good matrix for 
imaging purposes. 

Electron energy loss spectra were then re- 
corded in standard serial acquisition mode 
from regions of thickness determined as de- 
scribed above. A typical example (Fig. 3) 
shows a well-resolved zero-loss peak and the 
somewhat broad "plasmon" peak. The averaged 
value of the plasmon energy loss peak Ep is 21 
eV, with a FWHM of about 22 eV (at an instru- 
mental resolution of 8 eV). The experimentally 
determined value of E, is in good agreement 
with a theoretical estimate based on the model 
of Ashley, * assuming that vitreous ice and 
water have essentially the same physical param- 
eters. The fact that the E, value for ice 
falls below the 24eV value measured from most 
biological tissue means that frozen hydrated 
tissue will display a composite plasmon peak 
that will be broad and possibly complex in 
shape. However, the energy separation also 
means that the energy-filtered image can be 
used to enhance the contrast of tissue against 
the ice background. 

Values of the inelastic mean free path i 
were obtained by simultaneous measurement of 
the thickness t of the ice from the dark-field 
image and determination of the ratio t/A from 
the relation 


t/r = In(Itot/Izeroloss) (1) 
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FIG. 2.--Normalized ADF image intensity (FDF) vs 


shown in Fig. l. 


FULL SCALE: 4k — 3 


~0.076 


0.233 


mass thickness of polystyrene sphere like those 


FIG. 3.--Electron energy loss spectrum collected form vitrified ice with estimated thickness of 


100 nm. 


where Iyo¢ is the total intensity in the energy 
loss spectrum, integrated from the onset of the 
zero loss peak to the end of the scanned spec- 
trum; and Izeroloss is the corresponding zero- 
loss intensity integrated over the full width 
(instrumental resolution) of the peak. Initial 
preliminary results show that for vitreous ice 
A} is ca 250 nm at 200 keV, although exact mea- 
surement is difficult because of rapid beam in- 
duced damage. The figure obtained for vitreous 
ice is in good agreement with theoretical esti- 
mates based on optical data and Hartree-Fock 
atomic cross sections, which gave dice as 150 
nm at 100 keV.° 

The high sensitivity of the ice to beam in- 
teractions is possibly due to the attack of the 
film by ionized hydroxyl groups generated by 
the incident electrons. Calculations based on 
the standard theory of Talmon® show that, for 
the beam conditions used here (3.5 x 103 e/nm?), 
the local heating would only be a few degrees 
Kelvin; given the operating vacuum of the mi- 
croscope, this heating would be insufficient to 
raise the vapor pressure to a level at which 
thermal mass loss is a significant factor. 
This same mechanism might also lead to enhanced 
mass loss from tissue embedded in the ice. 
From the experimentally determined value of A, 
subsequent thickness measurements of the ice 
were made by application of Eq. (1) to spectra 
collected from various areas of the sample. 


Conelustons 


Preliminary experiments show that for vitre- 
ous ice the dominant excitation occurs at 21 
eV. This peak is similar in shape to that ob- 
served for amorphous carbon, but is broader 
(approximately 22 eV at FWHM) and occurs at a 


lower energy. At 200 keV the measured total 
inelastic mean free path A for this excitation 
is about 250 nm, which is in good agreement 
with previous theoretical estimates. Work is 
now in progress to determine the radiation 
sensitivity and other significant parameters 
of ice so that its properties as an embedding 
medium for biological analytical electron mi- 
croscopy can be quantified. 
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ELECTRON MICROSCOPY STUDY OF MICROBIALLY INFLUENCED CORROSION 


Xiao Zhang, C. Joy, and R. A. Buchanan 


In recent years, microbially influenced corro- 
sion (MIC) has been recognized as a serious 
worldwide problem in many industries, particu- 
larly the power-generating industry, the pet- 
rochemical industry, gas transmission lines, 
and naval systems. MIC may be defined as the 
degradation of metallic structures resulting 
from the activity of a variety of microbes 
that either produce aggressive metabolites to 
render the environment corrosive, or are able 
to particpate directly in the electrochemical 
reactions occurring on the metal surface.* 

The study of MIC is an interdisciplinary sub- 
ject that requires a knowledge of microbiology 
in addition to that of corrosion science. 
Generally, MIC is associated with biofouling, 
which is caused by the activity of microbes 
that produce deposits of gelatinous slime or 
biogenically induced corrosion products on 
metal surfaces. A wide range of genera and 
species of microbe are involved in MIC. They 
may be classified into three groups: (1) aerob- 
ic and anaerobic bacteria, (2) fungi, and (3) 
algae and diatoms. Materials involved in MIC 
include carbon steel, some stainless steels, 
copper and copper alloys, nickel and some 
nickel alloys, cast iron, and aluminum. 

The variety of microbes and degraded materi- 
als encountered in MIC results in the complex- 
ity of mechanisms of MIC. So far, most MIC 
studies have focused on the effects of sulfate- 
reducing bacteria (SRB) and marine bacteria 
which are present as mixed cultures in most 
cases. Although several MIC-associated mecha- 
nisms, such as cathodic depolarization, have 
been proposed by which MIC could function with 
metals, the understanding of MIC is far from 
complete. The fundamental aspects of these 
processes require further investigation. For 
example, under what surface physical and chem- 
ical conditions can MIC occur? What is the 
mechanism of microbe attachment to a metal sur- 
face? Which types of microbes are involved? 
What is the relation between the metabolic ac- 
tivity of microbes and the dissolution of metal 
ions in aqueous solution? And how can MIC be 
identified, monitored, and controlled? Elec- 
tron microscopy (EM) and microanalysis tech- 
niques are suitable for the characteristic 
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evaluation of the surface and/or interfacial 
condition of MIC, such as bacterial attach- 
ment, microstructure and composition of the 
biofilm and metal surface, and the relation- 
ship of surface defects and bacterial attack. 

SRB do not appear to be the most prevalent 
biological contributors in nuclear power plant 
systems, unlike MIC in many other industries.? 
Stainless steel (SS) is widely used as a struc- 
tural material in the system. SS is thought 
to be corrosion resistant under oxidizing con- 
ditions (if no significant amounts of halide 
exist), but not usually resistant to reducing 
environments. Areas depleted of oxidants such 
as crevices or areas lying under bacteri-pro- 
duced slime deposits, are therefore quite sus- 
ceptible to localized corrsion. Pitting of SS 
welds induced by bacteria is most frequently 
observed in the weld metal.? In this paper, a 
laboratory-based EM study of MIC by a single 
bacterial strain (other than SRB) on an SS weld 
metal is presented, Previous electrochemical 
studies have shown the aggressiveness of the 
bacteria used in this study toward E308 SS 
weld metal, and have also suggested the mecha- 
nism of enhanced anodic dissolution of the 
weld metal by bacterial action.°>" 


Experimental 


A single bacterial strain, designated as 
A6F and extracted from a known MIC failure 
site in a nuclear power industrial fresh-water 
system, was used in the present studies. The 
A6F bacterium was characterized as a gram-nega- 
tive, facultatively anaerobic, acetic acid pro- 
ducing, rod-shape bacterium. A synthetic fer- 
menter-enriched medium containing dextrose and 
mineral salts was used as the nutrition source. 
An as-deposited E308 SS weld metal specimen 
with a 600 grit polishing surface was immersed 
into the medium solution for 72 h. A6F bacter- 
ia grew in a batch condition. After exposure, 
the surface of E308 weld metal was sequentially 
fixed by 4% glutaraldehyde buffer solution, 
rinsed with phosphate buffer solution, dehy- 
drated gradually by 25% , 50%, 75%, and 100% 
acetone, and finally critical-point dried. 
The specimen surface was then coated with car- 
bon. Surface analyses were carried out by op- 
tical microscopy, scanning electron microscopy 
(SEM) , and energy-dispersive x-ray spectroscopy 
(EDS). 


Results 


When a metal specimen is immersed in a bac- 
terial solution, the corrosion process of metal 
and adhesion of bacteria to the metal surface 
take place simultaneously. These two processes 
initially start independently, and after a 
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FIG, 1.--Polarized dark-field light micro- 
graph of bacterial cells on surface of 
as-deposited E308 weld metal after 72h 
exposure. 

FIG. 2.--Microniche deposits on E308 weld 
metal surface, showing pit formed under- 
neath. Note also bacterial cells inside 
microniche, covered by thin extracellular 
film. 


FIG. 3,.--Bacterial cells bonded by microbial synthesized polymer material adhere to E308 weld 


metal surface. 


while they interfere with each other. Bacteria 
very quickly adhere to the metal surface due 
to the enriched nutritional environment. As 
an example, as seen in the polarized dark- 
field image of a light microscope, the surface 
of E308 weld metal revealed a large population 
of rod-shape A6F bacteria after 76 h expo- 
sure (Fig. 1). The bacteria are distributed 
nonuniformly either in single cells or in 
small groups, or are "glued together" as mem- 
bers of a colony or microniche (Fig. 2). Ei- 
ther nonuniform corrosion (due to the hetero- 
geneous surface composition or surface defects) 
or a different pH and oxygen reaction rate 
over anode and cathode could induce nonuniform 
bacterial adhesion, which later promotes the 
growth of bacterial microniches. Electrostat- 
ic interaction at the metal/bacterial inter- 
face also facilitates nonuniform bacterial ad- 
hesion.”’ The microniches encourage the forma- 
tion of the nonuniform deposits characteristic 
of MIC in many cases. 

It was found that bacterial cells were 
bonded by a gel-like network of extracellular 
material (Fig. 3) which was secreted from meta- 
bolic activity. With the development of a 
critical mass of bacterial cells, extracellular 
polymeric substances, and corrosion products, 

a microniche was formed (Fig. 2). A microbe- 
synthesized polymer film appears to mediate ir- 
reversible attachment of the bacterial cells 
and microniches (Figs. 2 and 3) and is favor- 
able for the overcoming of the energy barrier 
of electrostatic interaction between bacterial 
cells and metal surface.°?’ 

A microbial microniche would produce a local 
occlusive geometry (Fig. 2), which could induce 


the formation of differential oxygen concentra- 
tion cells and local acidification resulting 
from the bacterial metabolism, It is estimated 
that the pH under the deposit could be as low 
as zero.* The area under the deposit may be- 
come anodic relative to the surrounding area. 
Chloride ions would migrate into the occlusive 
area due to the requirement of charge balance. 
The local acidification and chloride ion con- 
centration could cause the breakdown of passive 
films of the weld metal surface, and thus in- 
duce localized corrosion. 

Figure 4 shows a pair of SEM micrographs 
based on different image models. Figure 4(a) 
is a secondary-electron image showing a pit 
formed under a thick film. The metal substrate 
is revealed around the pit. Figure 4(b) is the 
backscattered electron image showing that the 
film around the pit is of low atomic number, 
with the metal substrate brighter in contrast. 
It is also evident that nodules in the pit are 
composed of low-atomic-number matter. Based on 
the above information, it is thought that the 
film is composed of organic metabolic products 
produced by the bacteria. The nodules in the 
pit are probably part of the microniche which 
has been broken during the fixation, since the 
microniche originally contained some water. 

In Figure 5, another pit was found with a 
skeleton-like dendrite microstructure under a 
tubercle. Close examination of the dendrite 
microstructure revealed a transparent extracel- 
lular film covering the dendrite (Fig. 6). 
Several small nodules were associated with the 
film. The dendrite was identified as 5-ferrite 
based on EDS results (Fig. 7a). Since E308 SS 
weld metal has ferrite-austenite duplex phases, 
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FIG. 4.--SEM image models of pit and associated film: (a) secondary-electron image, (b) back- 


scattered electron image. 


the A6F bacteria result in a preferential at- 
tack on the austenite phase of E308 weld metal. 
EDS analysis of the nodules shown in Fig. 7(b) 
revealed that phosphorus, chromium, sulfur, and 
chlorine are the dominant elements inside the 
nodule, Although the chlorine might come in 
part from the fixing process, the existence of 
high chlorine (relative to the content of bulk 
solution of about 10 ppm) confirmed the above 
postulated mechanism of localized corrosion in- 
duced by A6F bacteria. The high phosphorus 
may result from the penetration of phosphate 
buffer solution during the fixation process, 
Phosphorus, sulfur, and calcium are well known 
as major requried nutrients for bacterial 
growth.® The high chromium content may be due 
to the dissolution of austenite. The conclu- 
sion is that these nodules are composed of bac- 
terial cells, metabolic products and corrosion 
products. The absence of iron and nickel, ex- 
pected in the EDS results, is not quite under- 
stood at this time. They may be bonded with 
bacterial cells locally or they may be resisted 
by the extracellular film as toxicants. Fur- 
ther work is needed with regard to this ques- 
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tion. The small white spots suspended in the 
film were identified as Mn-based inclusions 
which were originally present in S-ferrite/ 
austenite phase boundaries.? 


Conelustons 


Electron microscopy studies of MIC of as- 
deposited E308 SS weld metal induced by A6F 
bacteria revealed several important character- 
istics which enabled us to postulate the fol- 
lowing mechanism of MIC in this experimental 
condition. 

The microniche induced by the metabolism of 
the A6F bacteria on the E308 weld metal sur- 
face resulted inthe formation of differential 
oxygen concentration cells, which in turn in- 
duce the local acidification and chloride ion 
concentration that directly caused the break- 
down of the passive filmand the pit formation, 
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COMPARATIVE ULTRASTRUCTURE AND X-RAY MICROANALYSIS OF SALMONELLA TYPHIMURIUM BY CTEM, 
CRYOFIXATION, AND SCANNING ELECTRON MICROSCOPY 


D. A. Armstrong and D. C. Joy 


There has been numerous contributions of imnu- 
nocytochemistry to cell biology. Many of 
these contributions have focused on enzyme cy- 
tochemistry for a fuller understanding of cell 
structure and function. Immunocytochemistry 
is also a potentially powerful tool for examin- 
ing metal accumulation in a variety of cell 
systems.’ The use of immunocytochemical label- 
ing is one of the initial steps we employ to 
gain an understanding of copper accumulation 
in our cell system, a spontaneously generated 
mutant cell line of Salmonella typhimuriun. 
The immunocytochemistry work is complemented 
by energy-dispersive spectroscopy (EDS) and 
electron energy loss spectroscopy (EELS) stud- 
ies. Quantitative analysis of elmental con- 
centrations is based on comparative studies 
with resin-based standards currently being de- 
veloped by this laboratory.” Several focal 
points of these studies include determination 
of the metal being accumulated and of the con- 
centration of metal per cell basis, and iden- 
tification of the valence state of the metal 
being accumulated. This may also be a good 
model system to examine the phenomenon of ele- 
mental translocation. First, conventionally 
fixed, resin-embedded cells; second, cryofixed 
whole cells; third, mildly fixed cells, typical 
of immunocytochemical studies; and ultimately 
frozen hydrated thin sections, will be com- 
pared. 


Experimental 


Our mutant cell line has been shown to ac- 
cumulate copper.* We are interested in finding 
out why, in characterizing the copper accumu- 
lation, and in seeing whether other metals 
likewise accumulate in this bacterium. If the 
answer is yes, we can apply this information 
in a beneficial manner to situations where ef- 
fects associated with metal accumulation in 
bacteria are of concern, for example in micro- 
bially induced corrosion in metal. When our 
mutant cell line is grown in the presence of 
copper-supplemented growth medium, there is 
production of at least one copper binding fac- 
tor that sequesters the metal and may play a 
detoxification role. Isolation of this binder 
and subsequent development of a monoclonal an- 
tibody targeted against the binder is one of 
the first steps toward quantitative biological 
analysis of this cell system. Concurrently, it 
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is important to evaluate elemental distributions 
in conventional transmission electron microscopy 
(CTEM), preparations for possible insights into 
copper ion translocation, and translocation of 
other more freely diffusible elements. 

The bacterial cells were grown in the pres- 
ence of 0.01 M copper supplemented growth medi- 
um and their growth was monitored. Cells were 
harvested at an optical density of 0.20 units/ 
ml of culture at 420 nm, and processed for TEM 
and SEM as described previously.*?* Whole 
cells were cryofixed in a controlled environ- 
ment vitrification system (CEVS).° This system 
allows rapid cooling to a vitreous solid state 
of hydrated biological camples and colloidal 
dispersions by plunging of the sample into a 
reservoir of liquid ethane or propane at a high 
speed, Figure 1 briefly outlines the sequence 
of steps in the three preparation methods. 


Cells Harvested 
8 


2X10 cells/ml ex 


Washed 2 X 
09 % NaCl 
poe Of Diluted 5:1 
Cells Fixed in 2% Glutaraldehyde Cay Sodnan Pacep pat 
Post-Fixed 2% Osmium Tetroxide Bie 
ETOH Sexes Whole Cells Vitrified 
{ | via CEVS 
Modified Spurr's Critical Point Dried eta, 
Low Viscosity Resin Au Coated 
Carbon - Coated Holey 
See Formvar - Coated Grids 
SEM 


CTEM 


FIG. 1.--Outline of sample preparation methods. 


Analysis of frozen hydrated thin sections is 
the preferred method for quantitatively examin- 
ing elemental distributions in biological sys- 
tems. Toward this goal, our first step is to 
determine the freezing capabilities of our 
freezing apparatus by freeze-substitution meth- 
ods. Samples for freeze substitution were pre- 
pared as previously described.’ Briefly, a 
pellet of cells is applied to filter paper, 
which is in turn glued to foam fitted onto a 
freezing probe. The probe is released and al- 
lowed to drop onto a copper block held at lig- 
uid-nitrogen temperature. Osmium tetroxide va- 
por fixing and freez-substitution of our cells 
prepared using the "Gentleman Jim" instrument 
(Ted Pella, Inc., Redding, Calif.) show freez- 
ing depths of approximately 20 um without sig- 
nificant ice crystal damage (unpublished data). 
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FIG, 2.--Conventionally prepared Salmonella typhimurtum cell mutants. 


FIG, 3.--Cryofixed whole cells,S. typhimurium, 
FIG. 4.--SEM image, S. Typhimurtun, 


A Hitachi H-800 STEM equipped with a Kevex 
UTW Quantum x-ray detector, and a Hitachi S-800 
high-resolution SEM were used in these studies. 
Energy-dispersive spectroscopy was done on both 
the TEM preparation and the CEVS-prepared 
cells. For EDS analysis, special attention 
has been paid to reducing the systems back- 
ground of copper x-ray emissions, mainly by the 
use of a modified and colloidal graphite-coated 
specimen holder,® and by mounting all specimens 
on silver grids. 


Results 


Comparative ultrastructures are shown in 
Figs. 2 (CTEM), 3 (CEVS), and 4 (SEM). Resin- 
embedded cells show the typical subcellular 
morphology associated with enteric bacteria 
(i.e., ribosomes, cell wall, nucleoid), indi- 
cating a generally healthy population of cells. 
We note that in cells post-stained with uranyl 
acetate and lead citrate present there are ir- 
regularly occurring electron dense particles 
within the bacterial cell body. These electron 
dense particles range from approximately 5 to 
50 nm in diameter. EDS of these particles does 
not yield any information regarding localiza- 
tion of copper accumulation. The particles 
cannot be visualized in nonpost-stained cells, 
which may indicate that these particles have 
an affinity for heavy metal ions in the stains. 
One possibility could be that the metal ions of 


the stains are replacing other ions that have 
been displaced by one of the steps in fixing 
and embedding process. At this point we cannot 
suggest that these particles play any role in 
the metal accumulation phenomenon. Protein 
analysis of fractionated cells by polyacryla- 
mide gel electrophoresis should yield informa- 
tion regarding cell translation products and 
indicate any translation enhancement due solely 
to the spontaneously generated mutation and/or 
growth of the cells in copper supplemented me- 
dium. A representative x-ray spectrum from 
nonpost-stained CTEM prepared cells is shown in 
Fig. 5. The trace accumulation of copper in 
the cells prepared for CTEM has not been local- 
ized subcellularly. 

Cryofixed cells, whether prepared via CEVS 
or frozen thin sections, should preserve the 
subcellular elemental distribution. Morpholog- 
ically, cells prepared via CEVS were essential- 
ly identical: oblong, 3-4 um long, and 1-1.5 um 
in diameter. This surface morphology was also 
confirmed by SEM (Fig. 4). A representative 
x-ray spectrum from whole cells prepared by 
CEVS dryofixation is shown in Fig. 6. The 
atomic absorption spectroscopy data from sam- 
ples prior to preparation indicate a copper 
concentration in the 5-10 micromolar range for 
bulk whole cells. There are several possibili- 
ties that we cannot rule out regarding the lack 
of copper x-ray emissions. Perhaps copper and 
other ions could be lost from the cells during 
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dilution with sodium phosphate buffer. How- 
ever, the osmolarities of the saline (300 
mOsm) and the buffer (300 mOsm) are comparable 
to the osmolarity of the growth medium (395 
mOsm), so that large ion effluxed due solely 
to the difference in osmolarities seems un- 
likely. Another possibility is that a subpop- 
ulation of cells exists within the overall cul- 
ture that accumulate and account for a large 
majority of the cooper in bulk whole cells, 
thus giving an average copper concentration 
per cell which is in fact not representative 
of each individual cell. Copper levels in the 
remaining cells may be below minimum detecta- 
bility limits. The immunocytochemistry and 
hydrated forzen sections should provide more 
information on this subpopulation theory. 
CETM-prepared cells provide no insight to 
this question, as a uniform cooper emission is 
seen within each cell and in the resin directly 
surrounding the cells. This outcome may be due 
to elemental translocation as the resin infil- 
trates the pellet of cells; this is evidently 
not a satisfactory preparation technique for 
examining native elemental distribution. 


Cone lustons 


We present ultrastructural and EDS data from 
initial studies of our model for quantitative 
examination of metal accumulation in a biologi- 
cal system. Bulk whole-cell studies with atom- 
ic absorption spectroscopy show a copper accum- 
ulation in the micromolar range. EDS studies 
on conventionally fixed and embedded cells that 
have been thin sectioned indicate trace amounts 
of copper present but subcellular localization 
was not possible. EDS studies with cells pre- 
pared by CEVS tell us that in the individual 
cells analyzed to date, the copper was somehow 
lost in the dilution step or that the copper 
present is below minimum detectability limits. 
However, this result does not rule out the pos- 
sibility that in these initial studies, if a 
subpopulation exists within the overall cul- 
ture, they may have been randomly excluded from 
EDS analysis. 

On the one hand, these studies represent a 
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worst-case scenario for metal ion translocation 
and in vivo conservation of macromolecules in 
their native state; on the other, a physical 
fixation that freezes subcellular contents in 
their native structure and native distribution. 

We are encouraged by the presence of copper 
even in the CTEM-prepared cells and anticipate 
a localization of copper by immunocytochemical 
studies and quantitative elemental analysis of 
frozen hydrated thin sections in the near 
future, 
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EDX AND EELS MEASUREMENTS OF Ca-DOPED THIN SECTIONS 


Roland Wurster and Stefan Lehner 


Elemental standards are required for the test- 
ing of the sensitivity of microanalytical sys- 
tems that are applied to biological specimens. 
Ion exchange material consisting of polymeric 
networks with fixed ionic groups and exchange- 
able counterions provide a versatile means for 
the design of standard sets.’ Ca-containing 
thin sections were investigated with an elec- 
tron probe and the newly available EELS/ESI 
electron microscope (CEM 902, Zeiss, Oberkochen, 
FRG) in order to verify the usefulness of the 
standards in terms of the most important cri- 
teria,? and to provide a means for quantitation 
of qualitative results.3 


Experimental 


The strongly acid exchange membrane SC-1 
(Stantech Inc., Palo Alto, Calif.) is a type of 
a polystyrene-divinyl-benzene sulfonate and has 
a wide range of selectivity for various cations. 
It has been shown previously that this membrane 
can be single or double loaded with elements at 
different concentration levels up to a maximum 
value of about 1000 mmol/kg.” After embedding 
in Spurr's resin, the membranes were thin-sec- 
tioned and deposited on filmed grids for elec- 
tron-probe and electron microscope measurements. 
Most of the results was obtained with the elec- 
tron probe JXA 50 A (JEOL, Tokyo), using a hor- 
izontal Si(Li) spectrometer at the most effi- 
cient (near to specimen) position that is 
achieved by operating the scanning microscope a 
few millimeters below the nominal working dis- 
tance of 13 mm with a modified sample holder. 
To reduce production of extraneous x rays, the 
sample holder is made of spectrochemically 
clean carbon stubs. Since the objective aper- 
ture is a major source for spurious x-ray con- 
tributions to the EDX spectra, two aperture 
diameters (600 um, 200 um) were selected for 
comparison purposes. 

An on-line operated image processing and 
analysis system (SEM-IPS, Kontron, Munich) per- 
forms several important functions. Nominal 
magnification can be easily corrected for the 
effect of nonstandard working distance. Evalu- 
ation of gray-level line-scans at sharp edges 
provides a quick determination of the primary 
beam diameter. Based on digital pictures, 
spectral data can be collected automatically. 

Imaging of the specimen at highest resolu- 
tion and contrast is done with a transmitted 
electron detection device that permits bright- 
and dark-field operation. 

Preliminary results were obtained with the 
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commercially available Zeiss CEM 902 electron 
microscope” with a column-integrated imaging 
electron spectrometer.° 


Results 


All measurements with the SEM/EDX-system 
were performed at a beam voltage of 25 kV. 
The electron source is a conventional tungsten 
hairpin cathode. With a beam current of ipp = 
1.2 x 107+° A, as later used in acquiring 
X-ray spectra, digitized pictures (512 x 512 
pixels) of laser-induced holes in a metallic 
film were recorded in dark-field mode at high 
magnification (20 000x). Evaluation of sever- 
al gray-level linescans perpendicular to the 
rim of a perforation yields the actual beam 
diameter, which is the distance for a 10% to 
90% rise in gray level. For the two objective 
apertures (200 um, 600 um), beam diameters of 
about 12 nm and 20-25 nm, respectively, are 
obtained. Beam broadening’ in the thin sec- 
tions (40-50 nm thick) of the embedded ion ex- 
change membrane only produces a small relative 
change of the spatial resolution, the analyti- 
cal volume, and the electron dose. Homogene- 
ity of the Ca-loaded ion exchange membrane was 
tested both on a millimeter scale by analysis 
of bulky parts of the membrane and on a mi- 
croscopic scale within the thin sections. 
Considering the net counts of Ca Ka, the var- 
iance is typically less than 10%, whereas 
Ca Ka to S Ka intensity ratios show a variance 
less than 4%. Continuous electron bombardment 
at the given conditions during 30 min has no 
Significant effect on the Ca Ka count rate, 
but growing contamination becomes apparent by 
a decreasing video signal. However, the elec- 
tron dose of some 10° e/K? as calculated from 
the beam current, beam diameter, and the ac- 
quisition time is of an order that can cause 
serious beam damage and mass losses to organic 
Matter. Figure 1 shows x-ray spectra as ob- 
tained with aperture diameters of 200 and 600 
um, respectively, but otherwise unchanged ex- 
citation conditions and analyzed area. Ex- 
traneous background and characteristic line 
contributions (supporting grid) to the first 
spectrum are obviously higher, but can be com- 
pensated for by subtraction of corresponding 
spectra that are acquired with the primary 
beam going through holes or artificial perfor- 
ations. X rays that are produced at the 
scintillator of the transmitted electron de- 
tection device (40 cm below the sample holder) 
cannot be seen by the EDX detector. The pro- 
cessed spectra are nearly identical to each 
other and thus show the usefulness of this 
simple correction procedure. Assuming linear- 
ity between x-ray intensity and Ca concentra- 
tion, one can estimate from counting statistics 
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FIG. 1.--X-ray spectra of thin section of Ca- 
loaded ion exchange membrane with objective 
aperture diameter of (a) 200 um, (b) 600 um. 


a minimal detectable mass fraction of about 0.2 
wt%. At the best spatial resolution obtained 
with the given beam voltage, beam current, and 
200um objective aperture, the minimal detect- 
able mass would be 107*° g Ca. The peak-to- 
background value is about 12. This value can 
compete with or even exceed corresponding val- 
ues in the literature. 

Reasonable application of EELS and ESI capa- 
bilities of the CEM 902 (beam voltage 80 kV) is 
possible only when ultrathin sections less than 
40 nm thick are used. Electron spectroscopic 
imaging of the thin sections with zero loss 
electrons produces increased contrast showing 
granulic membrane structure with dimensions of 
about 50 nm. Although the section thickness of 
40 nm is at the upper limit of a meaningful 
thickness scale, the EELS spectrum (Fig. 2) 
shows a well-resolved Ca L?°3 edge and thus the 
good performance of the electron spectrometer. 


Relative intensity 


rlomanasnethertntnd 


ev 
FIG. 2.--EELS spectrum of 40nm thin section of 
Ca standard showing well-resolved Ca L?°3 edge 
and C K edge. (Courtesy of W. Probst, Zeiss, 
Oberkochen.) 


Coneluston 


The ion exchange membrane is a suitable ma- 
trix material for electron probe microanalysis. 
Homogeneity of the elemental loadings is well 
down to a 10nm scale and thus sufficient for 
electron-probe x-ray microanalysis. Homogene- 
ity at the spatial scale below 10 nm still has 
to be proven by electron-spectroscopic imaging 
of sufficiently thin sections. 
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EFFECTIVE USE OF A TN5500 X-RAY ANALYZER TOGETHER WITH A PERSONAL COMPUTER 
FOR MICROANALYSIS OF BIOLOGICAL SAMPLES 


M. C. Foster 


Investigations with x-ray microanalysis can be 
facilitated by customized software that uses 
the best features of commercially available 
X-ray analyzers and personal computers. Com- 
mercial x-ray analyzers are generally user- 
friendly and convenient for collecting and 
fitting spectra. Personal computers are well 
suited to doing sophisticated data analysis or 
making presentation-quality graphs. Software 
that utilizes and enhances these features not 
only saves labor, it also encourages the inves- 
tigator to use new ways of looking at data. 
Data-handling routines have been written for 
the Tracor Northern TNS500 x-ray analyzer that 
can be used to write summary files for each 
spectrum; to read, sort, tabulate, and do cal- 
culations on data in summary files; and to 
transmit data and spectra to personal compu- 
ters. Use of this software is illustrated by 
analysis of cryosections from rat pancreatic 
islets, in which x-ray microanalysis disclosed 
what other techniques could not--the existence 
of "rebel'' or nonconformist secretory granules 
within a single cell. The software, written in 
FLEXTRAN (the language for TN5500 x-ray ana- 
lyzers) can be readily adapted for other users. 


Data-handling Tasks 


1. Write summary files for each spectrun. 
Summary files contain fitted peak counts, un- 
certainty in counts, and concentrations for 
every element, as well as file number, file 
text label, acquisition time, gross continuum, 
film correction, net continuum, and x7. Rou- 
tines to make the summary files are called up 
from the Tracor Northern BIOQ program, which 
calculates counts in spectral peaks by a multi- 
ple least-squares fitting algorithm and concen- 
trations in thin sections by the peak-to-con- 
tinuum (Hall) method. In addition to saving 
summary files, the custom software facilitates 
batch processing of spectra and use of averaged 
film spectra for the film correction. 

2. Read, sort, tabulate, and analyze summary 
files. For each element of interest, peak 
counts, uncertainties in peak counts, and con- 
centrations are tabulated, Each spectrum is 
identified by a file number and text label. 
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Other quantities associated with the spectrum, 
such as acquisition time, film correction, net 
continuum, and x*, are listed. Optional cal- 
culations can be made before tabulation. Fol- 
lowing the tabulation, averages and standard 
deviations are calculated for the quantities 
listed for each element. In addition to un- 
weighted averages, averages weighted with the 
inverse of the square of the statistical un- 
certainty are also calculated. The ability to 
sort on the text label is a very useful fea- 
ture. Different organelle or cell types may 
be tabulated and averaged separately. For ex- 
ample, summaries for all mitochondria may be 
printed by selecting spectra with the combina- 
tion of letters MIT in the spectrum label. 
Selection criteria may be one of several let- 
ter combinations. 

3. Transmit summary files to personal com- 
puter, ASCII characters are transmitted, with 
tabs separating values in a summary file and 
carriage returns between each file, so that 
data can be read directly into a spreadsheet. 
Files may be selected for transmission accord- 
ing to text labels, as well as file numbers. 

A Tracor Northern routine, in conjunction with 
a Digital Equipment four-channel serial board 

(DLV-11J), directs data from the printer port 

to a cable connecting the analyzer and a per- 

sonal computer. 

4. Transmtt spectra to personal computer. 
ASCII characters are transmitted, with counts 
separated by carriage returns, so that spectra 
can be read directly into a column of a spread- 
sheet for plotting. A header containing file 
number, label, and other available information 
may be transmitted for each spectrum. Spectra 
can be sent singly or in batch mode. Data are 
directed, as above, from the printer port to 
a cable link. A simple example of code is 
given in the Appendix. 


Use of Data-handling Software for Mteroanaly- 
sts of Btologteal Samples 


Data-handling programs facilitated both 
short-term and long-term analyses (Fig. 1). 
On the TN5500, spectra were processed daily 
in batch mode. Summary files were selected 
for organelle and cell type, and quantities 
were tabulated and averaged (Fig. 2). Period- 
ically during an experiment, summary files and 
spectra were sent from the TN5500 to a Macin- 
tosh Plus for further processing and plotting. 
Spectral files were then read directly into a 
graphics program, and summary files into a 
database program. In the database program 
Microsoft EXCEL, additional calculations and 
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FIG. 1.--Data-flow for x-ray microanalysis of 
biological samples. Custom data-handling rou- 
tines for TN5500 x-ray analyzer are used to 
make summary files; to sort, tabulate and ana- 
lyze data from summary files; and to transmit 
summary files and spectra to personal computer. 


selections were made, which were transferred 
with the Macintosh clipboard to other applica- 
tions for statistical analysis and for making 
presentation-quality graphs. 

The data-handling software was especially 
useful in analyzing cryosections from rat pan- 
creatic islets because of the numerous compar- 
isons and correlations that needed to be made. 
Cryosections contained two major cell types. 
Each cell type had secretory granules with dis 
tinctive composition (Fig. 3), but with a few 
granules that appeared to be granules of the 
other cell-type (Fig. 4). Analyses were re- 
quired to separate the two cell types, to ana- 
lyze the composition of secretory granules and 
other organelles in each cell-type, and to ex- 
amine the composition of the outlier granules. 
A preliminary report of this work has appeared. 


Discusston 


Data-handling routines have also been writ- 
ten for the TN2000 to facilitate x-ray micro- 
analysis of bulk samples.* Routines to write 
summary files are called from the routine 


ZAFPB,* which calculates concentrations in bulk 


samples by the peak-to-local-background method. 
Routines to read and tabulate summary files 
have a number of optional calculations. For 


example, linear fits may be made to values from 
a series of spectra. This option has been used 
in two ways: (a) to examine stability of sam- 
ples in the electron beam, and (b) to measure 
elemental concentration gradients in cells. 
Quantities that may be tabulated include ra- 
tios of peaks or concentrations of elements, 
the membrane potential under the assumption 
that Cl is passively distributed, electromotive 
driving forces, and the equilibrium free cal- 
cium concentration calculated for sodium/cal- 
cium exchange. 


Useful Features of this Custom Software 


(a) Results are tabulated by computer and 
not by hand. 

(b) Each spectrum is identified by a text 
label and file number. 

(c) Selections may be made on text labels in 
order to analyze separately results on different 
organelles or different cells. 

(d) Additional calculations may be performed 
on data saved in summary files. 

(e) Averages and standard deviations are 
calculated for concentrations or for other val- 
ues listed for each element of interest. 

(f) Corrections for contributions of support 
film to spectra of thin sections may be made 
from averages of a number of film spectra. 

Custom software has been written that facil- 
itates x-ray microanalysis of biological sam- 
ples, with use and enhancement of the strong 
points of a commercial x-ray analyzer, the 
TNS500, and a personal computer. The data- 
handling routines help monitor results in the 
short term by providing a means to select and 
tabulate data according to organelle or cell 
type. They help in the long term by providing 
a means to transmit data and spectra to per- 
sonal computers where many options exist for 
visualizing, correlating, and analyzing data. 
Versions of these routines are in use in three 
laboratories at NIH and in several laboratories 
in other parts of the country. Diskettes and 
listings are available upon request. 
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FIG. 2.--Example of output from routine written PEAK COUNTS 


to select, tabulate, and analyze data in oe UNCERTAINTY IN COUNTS 
mary files on the TN5500. Selection for "GRA CONCENTRATIONS 


in text label. 
2 
& LIST AND AVERAGE SPECTRUM SUMMARIES 
PRINT CONCENTRATIONS (Y/N) ?Y 
OTHER CALCULATION ¢Y/ND ON 


TYPE LABEL 
PANCREATIC ISLET CELL2 GRANULES 


READ BEGINNING SUMMARY NO (71196 END FILE NO ?1287 
DRIVE NO 34 
SPECIFY FILE LABEL?Y 
NQ. OF ALTERNATIVE LABELS?1 
DO YOU WANT TO TYPE IN LABELS? ?Y 


TEXT LABEL 


FOR SELECTION LABEL ORR 
TIME FLNCOR NETCINT NANG OPCS iK COtCOST NCB 
1197 GRAL CELL2 288KR ar cs; a 
WNC COUNTS @ on 8 8 2 8 2 8 4 18 
CONC MVKB DRY 67.50 33,15 638.48 195.86 45.88 438.89 -#.49 16.18 1.61 8.68 
1198 GRAZ CELLZ S8OKR 5.6 ISL160 27 108 «1996 (sR? SS (aa 
UNC COUNTS 9 2 oh H_Ci‘aSGP 
CONE MH/KE DRY 91.47 48.70 S84 44 290,53 25.27 269.45 34.57 2.51 6.53 8.88 
1199 GRAS CELL2 98AKR 5.4 1SL160 27 188 «193 69)siCO]SsCS]s78 MS ik 
UNC COUNTS Pe: ee a a 
CONC MAK DRY 8.84 28.78 445,72 224.29 28,48 282.27 2.47 2.95 “1.11 6.08 
1286 GRAG CELL2 SOOKR 5.4 ISLC 27 180 139-388 SOCPSRE S198 
UNC COUNTS a 2 6% & 6&6 SS OU OM OB 
CON MIKE DRY 242.19 “11,19 314.98 498.29 63.20 122.62 102.68 $.69 22.75 0.68 
1201 GRAS CELL2 988KR 5.4 ISLC 27 188 133 «392341114? OH 
WNC COUNTS um 4 8 @ @ 8 2 2 
Ec CONC MVKG: DRY 86.19 29.71 434.29 164.03 $2.64 284.64 16.90 1.86 5.83 8.80 
FILE NUMBERS 1282 GRAS CELL2 30GKR 5.6 ISLIGC 27 198 13332937 M8CWO?364—(i?Ci(i‘atOO CO 
TEXT LABELS UNC COUNTS 19 «2 «390 Os (OD 
CONC AY/KE RY 122.78 41.72 986,87 172.56 25.22 314,46 6.96 43.78 4.11 8.88 
1204 GRA? CELL2 3OQKR 5.6 ISLISC 27 188 «132 298—Ssi]iSSHSCST “CRD 1B 
UNC COUNTS @ 2 3% @ «ff oF ol lS? 
CONC MA/KE DRY 48.58 62,25 424.19 195.91 21,99 223,75 12,92 ~6.84 1.78 8.00 
1205 GRAB CELL2 280KR 5.4 ISLE 27 108 «13921817 aC (LCE 
WNC COUNTS 7 @ 8 7 wm SS w 8 1 16 
CONC MYVKB DRY “94.85 65,78 644,22 223.97 28,57 959,57 11.58 78.55 -5.98 B08 
1286 GRAY CELLZ 3OBKR 5.6 ISLC 27 188199256 18S SSAC 
UNC COUNTS a 4 2 8 8 8 4 Bw 17 4B 
CONC MAV/KS DRY 448.07 1.35 354.03 398,14 124,19 168.96 33.57 24.99 18.99 0.08 
1287 GRAIG CELL2 3WOKR 5.6 ISLISC 2 188 «133 «252seSssC?:sA9HCi«B:C‘iK (Ot 
UNC COUNTS vo 2 @ 7 @ 8 2 wm 1B 
CONC MH/KG ORY 249.47 23.96 327.84 489.56 73.44 211.79 52.21 24.77 24.57 0.00 


FOR AVERAGE, TYPE @, FOR NEW TAPE, TYPE { ” 
TIME FLMCOR NETCONT NA OMG Pp $s &@ K fA S$ an CY 


38 AVE PANCREATIC ISLET CELL2 GRANULES 


WEIGHTED AVE CONS 3 78 SH_Ci‘ SCS 
STATISTICAL UNCERTAINTY é 7 2 8 7 WY 7 8B § & 
AVERAGES AVERAGE (NOT WEIGHTED) 108199298 a7 FSET? 
STO ERROR OF ESTINATE @ 8 @ 8 6 1M B&B B 8 Ww 8 8 5 
AVERAGE (NOT WEIGHTED) CONCENTRATION 141.32 92.14 463.87 272.51 48.91 266,78 27.53 18.18 7.11 9.00 
STD ERROR OF ESTIMATE 35.11 7.64 36.26 99.27 18.87 28.42 9.88 7,58 3.11 8.88 
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FIG. 3,--X-ray spectra of granules from (a) non-beta, (b) beta cell from cryosection of rat pan- 
creatic islet, illustrating high concentrations of sulfur and zinc associated with insulin-con- 
taining granules of beta cell. Each spectrum is sum of spectra from 10 granules in single cell. 
(10 x 100 s; 100keV, InA electron beam; approx. -60 C sample temperature.) Custom data-handling 
routine was used to transfer spectra from TN5500 x-ray analyzer to Macintosh Plus. A LaserWriter 
was used for printing. 

FIG. 4.--Zine vs sulfur for granules in (a) non-beta, (b) beta cells of cryosections from rat 
pancreatic islets, illustrating differences in composition of granules in non-beta and beta cells 
and existence of some beta-type granules in non-beta cells. Graphs, printed on a LaserWriter, 
were plotted from data in summary files which were transferred from TN5500 analyzer to Macintosh 
Plus with the help of custom data-handling routines. 


Appendtx 


The following code, written in FLEXTRAN, may be used to transmit a spectrum from the memory of 
a TN5500 x-ray analyzer to a personal computer. 


1,6 %USE +DV n TO DIRECT PRINT TO PORT n 
1,8 SEND 1 COL AND N1 +1 ROWS 

1,10 S M=12;%1ST HALF OF MEMORY 

1,20 S N1=1023;%NO. OF CHANNELS - 1 

1,30 A E1(N1) 


2,20 S AR='015';ASCIH CARRIAGE RETURN 


5,10 $LI 0,10,16 
5,20 F I=0,N1;S E1(@=$DA(M,D 
5,30 P <HI>AR;F I=0,N1;P <F9>E1(1),<HI>AR 
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INTERFERENCE-ENHANCED RAMAN SCATTERING FROM THIN FILMS AND INTERFACES 


R. J. Nemanich 


Recent improvements in experimental apparat- 
us has permitted the application of Raman spec- 
troscopy to microprobing configurations. A 
lateral resolution of less than 1 um can be 
achieved. In contrast there are few schemes 
for improving the depth characterization meth- 
ods of Raman scattering. For transparent ma- 
terials the depth resolution is determined by 
the optics and scattering geometry; for opaque 
materials the light probes a depth equal to the 
optical absorption length. Two major problems 
associated with surface and interface charac- 
terization are to increase the sensitivity of 
the Raman signal from highly absorbing films 
and to increase surface or interface sensitiv- 
ity. In this paper the properties of interfer- 
ence-enhanced Raman scattering (IERS) are de- 
scribed and related in particular to these is- 
sues? 

Raman spectroscopy has proved to be an im- 
portant chanracterization method for semicon- 
ductors and insulators.? The method is used to 
display the vibrational modes of the material, 
and the vibrational modes can be related to the 
atomic bonding configurations of the material. 
In general, the results are analyzed by one of 
two methods: (1) detection of particular struc- 
tures by comparison with previous measurements, 
and (2) analysis using a model of the vibra- 
tional modes or the Raman scattering process 
for the materials being examined. The first 
method is often termed a "fingerprint" scheme 
and has proved particularly useful for charac- 
erization of process-induced changes. The 
second method involves the use of a model to 
analyze the symmetry, peak position, or peak 
width of the Raman scattering results. Many 
of the early studies of Raman scattering from 
crystals involved relating the symmetry of the 
vibrations to the symmetry of the lattice. In 
current studies of thin-film processes, sharp 
features are used to indicate crystalline 
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structures, whereas very broad weak features 
indicate amorphous structures. One aspect 
that has proved particularly important in pre- 
cision engineering is the determination of 
stress near a processed surface, and analysis 
of the shift of the LO phonon frequency can 
often be related to the stress in the sample.?* 

It has been recently shown that multilay- 
ered thin-film structures can lead to the en- 
hancement of the light intensity in particular 
regions in the structure.! The interference- 
enhanced Raman scattering configuration em- 
ploys multilayered thin-film samples to use 
optical interference properties to enhance the 
Raman signal and to increase surface sensitiv- 
ity. In this paper, the general aspects of 
the IERS configuration are described. Appli- 
cation of the method to highly absorbing thin 
films and interface properties are then re- 
viewed. 


Characteristtes of Interference-enhanced Raman 
Seattering 


The general aspects of the thin-film struc- 
ture used to obtain IERS was developed for 
media used in digital optical recording.* In 
the original structures, the goal was to in- 
crease the light intensity in the surface layer 
of the structure so that it could be used to 
change the properties of the material. Abla- 
tion of the film was often employed, but other 
methods of modifying the optical properties 
were also studied. It was recognized that the 
same configuration could be used to achieve an 
enhancement of the Raman scattering signal from 
very thin films. 

The basic property of the IERS technique is 
determined by the fact that light reflected 
from a metallic or semiconducting surface in- 
terferes with the incident light to form a 
standing wave (Fig. 1). In normal Raman back- 
scattering from metallic or semiconducting sur- 
faces, the Raman signal is determined by the 
intensity of light penetrating into the film. 
An examination of the light intensity shown in 
Fig. 1 shows that the intensity is maximum at 
vA4 Q@ is the incident wavelength) in front of 
the surface and is many times more intense than 
the light inside the metal or semiconductor. 

Thus, to enhance the signal the sample 
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FIG. 1.--Light intensity near the surface of a 
metal or semiconductor. Figure is modeled for 
monochromatic visible light incident from left. 
Dashed line represents intensity of incident 
light; solid line represents intensity of light 
due to interference of incident and reflected 
beams. First peak in intensity occurs at vA/4 
in front of the surevace, and intensity if \4 
times incident intensity for good metal. 


should be placed at the peak of the intensity, 
which one can accomplish by constructing a multi- 
layered sample using a transparent spacer 

layer and then depositing a thin layer of the 
material to be studied. We have developed a 
computer program that calculates the light in- 
tensity inside a multilayered sample. An ex- 
ample of the light intensity inside a tri-layer 
sample is shown in Fig. 2. We have used 
514.5nm incident light and the optical proper- 
ties of Te, SiO, and aluminum for the upper 
layer, the dielectric layer, and the lower re- 
flecting layer, respectively. The film thick- 
nesses were 50 & for the Te and 750 & for the 
Si0,. In this case the intensity is now maxi- 
mum at the thin-film surface, and the reflec- 
tivity of the multilayer structure is less than 
5%. Thus Raman scattering can be efficiently 
excited in the thin film (or Te) region. The 
same interference conditions that result in the 
enhancement of the incident light also come to 
play in the Raman scattered light, as one can 
see by considering the Raman scattering to be 
an oscillating dipole source. The basic struc- 
ture is then a dipole a distance of v)\/4 in 
front of a metal, which then exhibits an image 
dipole v\/4 behind the metal surface. The light 
emission from the dipoles exhibits a phase dif- 
ference of 2m normal to the film and 7 parallel 
to the film. Thus the light intensity is inter- 
ference-enhanced in the normal direction, which 
contributes an enhancement of the signal of the 


same magnitude as the incident light enhancement. 


The enhancement of the Raman signal obtained 
with the IERS configuration for transparent 
thin films is 16. This figure is obtained from 
a factor of 4 enhancement on coupling the light 
into the sample and a similar factor for coup- 
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FIG, 2,.--(a) Light intensity in multilayer 
sample used to achieve TIERS, (b) oscillating 
dipole corresponding to Raman scattering from 
upper layer, and image dipole. Layer thick- 
nesses for this example correspond to 50 R of 
metal or semiconducting thin-film (TF) layer; 
750K spacer layer of Si0,; and thick lower 
layer of aluminum. Light intensity is maximum 
in upper layer; Raman scattering from this 
layer is also enhanced for normal emission 
since the two dipoles have phase difference of 
an. 


ling the Raman scattered light out of the sam- 
ple. The enhancement of the Raman signal for 
opaque samples can be much higher, ranging up 
to 1000, depending on the optical constants of 
the material.’ In this case it is more rele- 
vant to calculate the ratio of the intensity 
of Raman scattering from a thick sample to 
that of a thin layer in the IERS configuration. 
It has been shown that the gain, G, is given by 
G = 1,)/Ig, = 8at/(1 - R)? (1) 
where Iy;, AND Isy represent the Raman intensity 
from a trilayer and semi-infinite sample, re- 
spectively, a and R are the absorption constant 
and reflectivity of the material, and t is the 
thickness of the film.’ 

The effect was first demonstrated from Te 
(Fig. 3). The Raman spectra were obtained 
with 50 mW of 514.5nm light from an Ar ion 
laser, which was focused to a line of 100 um 
x 3 mm on the surface. The Raman scattered 
light was collected at the normal and dispersed 
with a triple grating monochromator. A single 
channel photomultiplier was used to detect the 
signal. The signal from the thin film in the 
IERS configuration is more than 20 times 
stronger than that from an optically thick 
film. From the optical properties of Te and 
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FIG. 3.--Raman spectra of 50K Te film obtained 
in TIERS c-nfiguration compared with that from 
an optically thick film in standard backscatter 
configuration.’ Experimental configuration was 
the same for both samples, but IERS configura- 
tion yielded enhancement of 20. 


Eq. (1), an enhancement of 22 would be predict- 
ed. Thus the interference model describes the 
results adequately. 


IERS from Thin Folms 


In this section the Raman spectra of two 
unique thin-film experiments are described to 
display some of the advantages of interference- 
enhanced Raman scattering. In the first case, 
use of IERS to focus selectively on a thin re- 
gion is exploited, in the second case, the Ra- 
man spectrum is obtained from a pure metal 
which exhibits a very weak signal. 

Thin films of Si can be deposited by plasma 
decomposition of silane onto a substrate held 
at temperatures ranging from room temperature 
up to 400 C. These samples are usually termed 
hydrogenated amorphous Si and contain 35 at.% 
H for RT deposition down to less than 2 at.% 

H at 400 C deposition. Electrical experiments 
showed that films produced at substrate temper- 
atures near 250 C exhibited the lowest level of 
defects in the bandgap. Annealing experiments 
of films showed that H evolved at temperatures 
above the deposition temperature. The anneal- 
ing experiments were carried out by ramping of 
the temperature of the films up to 700 C. Due 
to sensitivity limitations, the annealing ex- 
periments were carried out on films thicker 
than 1 um. These films showed a peak in the H 
evolution at 1.600 C. The question was whether 


the H evolution was limited by diffusion. 
Thus a series of Raman measurements using the 
IERS configuration were carried out for 100 R 
films of a-Si:H.° The results are shown in 
Fig. 4. The series of modes below 600 cm™? 
represent the vibrations of the Si atoms in 
the amorphous Si network. The broad features 
indicate that the structure is indeed amor- 
phous. The feature at 2000 cm~* is due to vi- 
brations of H bonded to Si. Thus, the inten- 
sity of this feature can be related to the H 
concentration. The features were monitored 
after various annealing steps. Here it was 
found that H was completely evolved from the 
thin film by annealing at 450 C. This finding 
indicated that the H diffused from site to 
site in the a-Si network until the atoms could 
leave the film from near the surface. In ad- 
dition, because of the exceedingly high signal 
to noise obtained from these samples, it was 
possible to identify weak features in the 
spectrum Si network vibrations that were re- 
lated to different bonding configurations af- 
ter the H was evolved from the sample. These 
measurements would have been impossible to ob- 
tain from thicker films, The H depletion only 
occurred in the first few 100 A, but Raman 
scattering from thick films would measure 
12000 A, and the effect would be hidden by the 
unaffected regions. In addition the signal 
enhancement of the IERS configuration allowed 
observation of weak features that would not 
have been observed with the signal-to-noise 
ratio obtainable in standard backscattering 
configurations. °® 

The use of TIERS for measuring the Raman 
spectra from samples with weak signals was 
demonstrated by measurements from Ti thin 
films.® Because of the metallic character of 
Ti, it was not previously possible to obtain 
the Raman spectrum from bulk Ti samples. A 
trilayer configuration with a Ti sample layer 
was constructed; the measured results are 
shown in Fig. 5. The results showed a rela- 
tively sharp weak feature centered at 138 
cm7?, This feature was assigned to the optic 
vibration of metallic Ti. 


IERS from Interfaces 


More complicated structures could also be 
constructed that employ IERS techniques. The 
configuration was modified to examine the re- 
actions at the interface of metals and 
a-Si:H.’-11! The motivation of these studies 
was to characterize the Schottky barrier on 
a-Si:H. A multilayered configuration similar 
to that for the a-Si:H measurement described 
earlier was employed. In this case, the spa- 
cer layer of SiO, was only 400 A thick and the 
a-Si:H layer was still 100 R. The Raman mea- 
surements of the trilayer structure again 
showed a significant enhancement of the signal, 
but the real utility of the configuration was 
achieved when a thin layer of metal was de- 
posited on top of the a-Si:H. The light in- 
tensity for Pd/a-Si:H in the IERS configura- 
tion is shown in Fig. 6.° An important aspect 
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FIG, 4,--Raman spectra of a-Si:H in IERS configuration. ° 


tions, curves on right show Si-H vibrations. 
by factor of 10. 
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Relative intensity of Si-H vibrations is increased 
Si-H spectra are from (a) as-deposited sample, (b) annealing at 300 C for 10 
min, (c) 450 C for 10 min, (d) 450 C for 40 min. 


For Si network vibrations, spectra (a) and (b) 


were obtained from as-deposited film and different polarization geometries; curve (c) was ob- 


tained after annealing at 450 C for total of 40 min. 


decrease during annealing process. 
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FIG. 5.--Raman spectrum of 50A Ti film obtained 
in IERS configuration.® Sharp feature at 
~138cm7? is due to optic vibration of Ti crys- 
tals 


shown in this figure is that the light intenity 
drops off very rapidly inside the trilayer sam- 
ple. This effect is amplified because the same 
conditions apply for the exiting Raman scat- 
tered light. Thus the IERS technique is inter- 
face selective. 

The Raman spectra of 50 R of Pd deposited on 
a-SI:H obtained in the IERS configuration is 
compared to that obtained from a similar 508 
layer of Pd on a thick a-Si:H film in Fig. 7. 
The Raman spectra obtained in the IERS configu- 
ration show a series of sharp lines which have 
been identified by comparison (or "finger- 
print") as Pd,Si. Thus the results show that 
the Pd,Si compound forms spontaneously at am- 


144 


Arrows indicate features that increase or 


bient temperature at the interface of Pd and 
Si. The interface selectivity is apparent in 
comparison with the Pd deposited on the thick 
a-Si:H. The first observation is that the 
overall signal is much stronger for the TIERS 
configuration. The second observation is that 
the interface signal dominates the IERS spec- 
tra, but the interface features are difficult 
to observe in the standard configuration due 
to the strong substrate signal in the same 
frequency region. 


Coneluding Remarks 


This paper describes the use of optical in- 
terference to enhance the Raman scattering 
from very thin film structures. By using mul- 
tilayered thin film structures, the IERS con- 
figuration can be used to obtain high-quality 
spectra from very thin samples. The TIERS 
technique can achieve a signal enhancement of 
a factor of 16 for transparent films, but the 
real advantage of the technique is for opaque 
films in which enhancements of up to 1000 are 
obtainable, The technique has three major 
characteristics: (1) the signal from the thin 
film is actually stronger than that from a bulk 
or thick film sample; (2) by proper choice of 
structure, the signal at an interface or sur- 
face can be selectively measured; (3) the 
technique is applicable to all materials. 

In this report the IERS measurement has 
been reviewed. The effect has been modeled, 
and the theoretical sensitivity has been veri- 
fied by IERS measurements of Te. The signal 
enhancement capabilities have been shown for 
Ti, a-Si:H, and Pd/a-Si:H structures. The 
largest enhancement obtained was that of IERS 
measurements of a 50K film of metallic Ti 
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FIG. 6.--(a) Thin-film configuration for IERS from metal/a-Si interfaces, (b) light intensity in 


multilayer structure.° 
intensity. 


Light intensity is maximum at interface and is equal to incident 


FIG, 7.--Raman spectra of 50 A of Pd on a-Si:H in IERS configuration and on thick a-Si"H film in 


standard backscatter configuration. ° 
same features are detected. 
formed at interface. 


which exhibits a very weak Raman signal. The 
surface and interface selectivity of the tech- 
nique was shown with the measurements of H evo- 
lution from a-Si:H, and interface reactions of 
Pd and a-Si"'H, 

Future applications will almost certainly re- 
quire complex heteroepitaxial crystalline 
structures. The surface of these structures 
can then be measured with all the advantages of 
the IERS technique. 
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HADAMARD TRANSFORM RAMAN MICROSCOPY 


M. D. Morris and P. J. Treado 


Hadamard transform imaging is a multiplexing 
technique that provides spatially and spectral- 
ly resolved images from unfocused laser beams. 
Hadamard imaging is advantageous for use with 
laser sources whose peak or average intensity 
would otherwise damage samples. We describe 
the design principles and performance of a sec- 
ond-generation single-channel detector Hadamard 
Raman microprobe capable of diffraction-limited 
resolution. 


Principles of Hadamard Transform Imaging 


Hadamard transform theory and application 
to spectroscopy and imaging have been re- 
viewed.4~° The exciting laser beam, or the 
Signal from the illuminated sample, is encoded 
with a series of n masks. Each mask is com- 
posed of a pseudorandom array of open and 
closed apertures, which are represented mathe- 
matically by 1's and O's. With each mask in 
place, the encoded beam is presented to a de- 
tector, which sums the intensities from all 
open elements. The image is recovered by in- 
verse Hadamard transformation of the vector of 
observed signals. 

The masks are fabricated as opaque and trans- 
parent regions on a suitable substrate. Cyclic 
Hadamard sequences are employed, so that a 
single long mask can be translated to generate 
the successive sequences. Alternatively, the 
mask sequences can be generated by impressing 
the proper bit patterns on a spatial light 
modulator. *? In this case there is no need 
for mechanical translation. 

The MTF of a Hadamard mask system is ideally 
given by the MIF for convolution with and dif- 
fraction by a single aperture.°~® If the mask 
is translated continuously, there is a blur 
term as well. 

If the encoding mask is viewing a magnified 
image, the mask aperture can be coarse. For 
work in the ultraviolet or visible, 20-100um 
square apertures will usually be sufficient. 
In this case, the diffraction term is negligi- 
ble. Equation (1) gives the convolution for a 
one-dimensional system, 

ME tes £d/M (1) 
where f, is spatial frequency, d is the width 
of the unit aperture and M is the total magni- 
fication of the image before encoding. To the 
extent that the contrast remains close to l, 
Hadamard multiplexing has a negligible effect 
on the recovered image. 
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As with other multiplexing techniques, A/D 
converter dynamic range r is distributed be- 
tween number of pixels encoded n and signal 
dynamic range s according to Eq. (2). 


r = sni/? (2) 


In practice, with a single-channel detector 
and a 12-14 bit A/D converter, about 10% pix- 
els can be encoded if 256 gray levels are re- 
quired, With a linear-array detector, this 
spatial resolution is obtainable at each fre- 
quency (wavelength) viewed by the array. With 
a two-dimensional array detector, spatial mul- 
tiplexing of one-dimension allows acquisition 
of complete spatially resolved spectra at the 
customary 256 K pixel level. Such a instru- 
ment could allow use of the same array detec- 
tor for micro-imaging, microprobe spectra, or 
conventional large-sample spectra. 


A Seoond-generatiton Raman Mtcroprobe 


Figure 1 shows the schematic diagram of a 
second-generation Hadamard transform Raman mi- 
croprobe. The device is constructed from mod- 
ular microscope components and employs the 
conventional epi-illumination configuration, 
An auxiliary lens (not shown) is used to pro- 
vide controlled defocusing of the incident la- 
ser. To allow maximum flexibility in choice 
of illumination wavelength a beam splitter is 
used, rather than a dichroic mirror. The Ra- 
man spectrometer is conventional and has been 
previously described.* For these experiments, 
Art 514.5 nm radiation was employed. 

The magnified image is collimated before 
encoding, to facilitate convenient placement 
of the encoding masks in the optical train. 
The encoded image is spectrally dispersed 
through a triple monochromator. A photomulti- 
plier is the detector. The Hadamard-encoded 
image is generated by translation of the mask, 
with recording of the total Raman intensity at 
the observation wavelength at each mask posi- 
tion. The image is recovered by inverse Hada- 
mard transformation. 

For the experiments described here, a 18x 
objective, 20x eyepiece and 80mm collimating 
lens are employed, The total magnification 
after collimation is 114. The collimating 
mask is fabricated photographically, with 
100um square unit apertures, so that each ap- 
erture encedes an unmagnified square region of 
the image with 0.88um sides. 


Results 


Figure 2 shows a typical Raman image of 
N,N-dimethyl-p-nitroaniline, obtained at 1310 
em~?, the nitro symmetric stretching mode. 
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1,.--Diagram of Hadamard Raman microprobe. 


FIG. 


The diffraction-limited (Rayleigh criterion) 
resolution for the microscope objective is 
about 0.96 um at 550 nm. The Raman image pre- 
serves the shape of the crystal. The observed 
dimensions agree with those obtained by reti- 
cule measurements. 

From the (Nyquist) sampling theorem for the 
Hadamard transform, it is only necessary to 
sample with an aperture whose dimension is the 
inverse of the highest spatial frequency de- 
sired. In this case, sampling the magnified 
image with a 100um square aperture encodes the 
highest resolvable spatial frequnecy with ap- 
proximately 10% contrast. Thus, the multiplex- 
ing system does not appreciably degrade the 
resolution of the microscope itself. 

The choice of coupling optics for our system 
is a compromise between the requirements of 
the microprobe and the requirement for rapid 
changeover to other Raman experiments which at 
present share the same monochromator entrance 
port. Multiplexing of a collimated beam has 
been achieved at the expense of a substantial 
reduction of total magnification. A de novo 
design can, of course, avoid this problem. 

Available stepping motor and mask fabrica- 
tion technology will allow easy construction 
and operation of masks with 20ym unit aper- 
tures. Upgrading the performance of our in- 
strument with finer masks is quite feasible. 

The nitroanaline crystal is yellow and par- 
tially absorbs green laser light. The sample 
is illuminated under pre-resonant Raman condi- 
tions. Attempts to obtain Raman images with 
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focused laser illumination failed because the 
sample rapidly melted. This Raman image could 
be obtained only with distributed laser power. 
The image in Fig. 2 demonstrates a charac- 
teristic problem of Hadamard imaging. There 
are apparent negative intensities in the im- 
age. They are mathematical artifacts that 
arise from redistribution of measurement noise 
in the system. At higher signal/noise ratio, 
negative intensities are not observed. 


Conclusion 


Hadamard multiplexed imaging is an effec- 
tive technique for observing spatially/spec- 
trally resolved Raman images. With a single- 
channel detector, images are obtainable, but 
only with 256-4096 pixels encoded. However, 
if the photomultiplier is replaced by a two- 
dimensional array detector, a complete spa- 
tial/spectral image with 512 x 512 pixels can 
be obtained with our current technology. 
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FIG. 2.--Hadamard Raman image of N,N-dimethyl- 
p-nitroaniline crystal represented as an axo- 

nometric plot and contour plot (insert), 1310 

cm7' band. 50 mW, 514.5 nm excitation. Total 
magnification, 114. 
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DEVELOPMENT OF A HIGH AXIAL RESOLUTION MICRO-RAMAN TECHNIQUE FOR STUDYING THE 
EFFECTS OF MACHINE PARAMETERS IN MACHINED SEMICONDUCTORS 


R. G. Sparks, W. S, Enlow,and M. A. Paesler 


Micro-Raman spectroscopy has been used to mea- 
sure residual stresses in machined surfaces 
with lateral resolution near the diffraction 
limit.? We extend this technique to incorpo- 
rate axial resolution (i.e., depth into the 
sample) by measuring residual stresses in sin- 
gle point diamond turned semiconductors with a 
lateral resolution of 1.0 um and an axial res- 
olution of 0.01 ym. Residual stresses are sam- 
pled across ductile feed cuts in <100> silicon 
and germanium which were single point diamond 
turned using a variety of feed rates, rake 
angles and clearance angles. The use of both 
514.5nm and 488.0nm excitation wavelengths, by 
virtue of their differing characteristic pene- 
tration depths in the materials, allows deter- 
minations of stress profiles as a function of 
depth into the sample. Greater and greater 
depths in the material may be probed by using 
successively longer wavelengths of light, thus 
leading to a superposition of a continuum of 
Raman peaks and resulting in an asymmetrical 
broadening of the spectral features. Depth 
profiles of residual stress are obtained using 
computer deconvolution of the resulting asym- 
metrically broadened Raman spectra. 


Experimental 


The excitation source consists of an argon 
ion laser with strong outputs at 514.5 and 
488.0 nm. The light from the laser is plane 
polarized in a direction normal to the plane 
formed by the optical table on which the laser 
is mounted. The plane-polarized monochromatic 
beam is then steered by plane mirrors through 
an achromatic half-wave plate (Fresnel rhomb). 
The effect of the half-wave plate is to rotate 
the polarization state of the excitation beam 
by a known angle with respect to the original 
polarization state. Since the Fresnel rhomb 
introduces some ellipticity in the emerging 
beam, a Glan-Thompson prism polarizer mounted 
to a calibrated rotation stage is used to pro- 
vide a pure linear polarization state at a 
known angle. The light is then steered into the 
apparatus (SPEX Micramate), where light of a 
known polarization state is focused by a 40x 
microscope objective onto the sample with a 
particular orientation to the sample's crystal 
direction. The microscope objective collects 
the scattered light, but since the excitation 
beam is incident normally onto the sample, the 
specularly reflected beam is collected as well. 
The scattered and reflected light is then fo- 
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cused by the coupling optics on the entrance 
slit of a double Czerny-Turner 0.85m holo- 
graphic grating spectrometer (SPEX 1402), 
where the collected light is dispersed. In 
order to increase stray light rejection, the 
dispersed light is then passed into a third 
monochromator stage (SPEX 1442U), which func- 
tions as an additional spectral filter. The 
rejection of stray light provided by the third 
monochromator stage for micro-Raman spectros- 
copy (where the specularly reflected beam can- 
not be geometrically rejected) becomes criti- 
cal, especially for materials with Raman spec- 
tral features close to the exciting laser 
line. The resulting Raman spectra typically 
exhibit asymmetrically broadened peaks which 
result from the superposition of a continuum 
of stress states as the sample depth is in- 
creased. Deconvolution of the resulting asym- 
metrically broadened Raman spectra yield depth 
profiles of the residual stresses in the sin- 
gle point diamond machined samples.? 


Results 


Machine parameters such as feed rate (50 
and 100 in./rev) and spindle speed (1000 and 
2500 rpm) showed little differences in their 
spectra, and the resulting surface stresses 
were always compressive (10° rake angle, 6° 
clearance angle). The depth at which the 
transition from compressive to tensile stress 
was evident was approximately constant for all 
feed rates and spindle speeds used and oc- 
curred at a depth of 0,6540.01 ym. Our re- 
sults indicate that the effects of these par- 
ticular feed rates and spindle speeds on the 
residual stress field are not significant. 
Further investiation with a wider range of 
feed rates and spindle speeds is therefore in- 
dicated for a fuller understanding of the ef- 
fects of these parameters. However, quite 
marked differences are evident in the case of 
rake angles. Germanium samples turned at 0° 
and -30° rake angles (100 pin./rev feed rate, 
1000 rpm spindle speed, 240-500 um-depth of 
cut, 6° clearance angle) show clear evidence 
of superposition broadening with significant 
variations in the spectra obtained using 
514.5nm and 488.0nm probes (Fig. 1). Depth 
profiles generated from these spectra (Fig. 2) 
indicate that a plastically deformed zone ex- 
hibiting a relatively constant compressive 
stress then increases dramatically as the 
depth increases, abruptly changes sign, and 
rapidly reaches a maximum tensile value. The 
existence of the rapid change from compressive 
to tensile stress is indicative of a transi- 
tion from plastic to elastic deformation. 
This transition has been associated with a 
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defect layer occurring at this depth.* The 
residual tensile stress smoothly relaxes to 
zero as the depth increases. 


Cone lustons 


Micro-Raman spectroscopy coupled with the 
use of computer deconvolution of the resulting 
spectra has yielded a wealth of information 
concerning the effects of machine parameters on 
the residual stress field in single-point dia- 
mond turned silicon and germanium. Our inves- 
tigations show that for the feed rates and 
spindle speeds studied, no significant varia- 
tions in the residual stress field are noted, 
All feed rates and spindle speeds examined in 
our study resulted in a compressive surface 
stress which showed a rapid increase to a maxi- 
mum values of 3-7 kbar at depth of 0.05-0.07 
um. However, significant variations in the 
stress field were noted for the various rake 
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FIG. 1.--Raman spectra for 0° and -30° rake angles. 
Note the asymmetrical broadening and shifts of 


(blue) and 514.5 nm (green) probe wavelengths. 
resulting peaks. 
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angles studied. These variations seem to indi- 
cate both changes in the magnitude of the sur- 
face stress and significant variations in the 
region of plastic/elastic transition in such 
samples, 
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FIG, 2.--Depth profiles generated from micro-Raman spectra for both 0° and ~-30° rake angles. 
Magnitude of the residual stress is greater for -30° rake angle but penetrates to shallower 
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POLARIZED SPECULAR REFLECTANCE UV-VISIBLE SPECTROSCOPY OF CHARGE-TRANSFER 
TRANSITIONS IN BIOINORGANIC AND ONE-DIMENSIONAL SYSTEMS 


R. L. Musselman 


Polarized specular (mirror-like) reflectance 
spectroscopy is valuable not only in the infra- 
red for observation of metallic properties, but 
in the visible and ultraviolet as well for the 
determination of the polarizations of charge 
transfer transitions in a wide range of mater- 
ials. In this paper we review our recent work 
in UV-visible specular reflectance spectroscopy 
on both binuclear metalloprotein models and 
one-dimensional conductors. 

Charge-transfer (CT) transitions are an es- 
sential element in understanding the electronic 
structure of transition metal complexes. Most 
CT transitions are electric-dipole allowed in 
one or two directions and thus a knowledge of 
the polarization of a transition can be of 
great help in assigning transitions. However, 
holding complexes in a known orientation and 
getting light through the highly absorbing sam- 
ple usually proves to be difficult experimen- 
tally and thus most charge-transfer spectra are 
obtained from solution. However, single crys- 
tals with smooth faces may successfully be ob- 
served with specular reflectance spectroscopy. 
Specular reflectance is a phenomenon that 
closely follows absorbance and is thus greatest 
at highest absorbances. It is therefore most 
effective for the study of intense electronic 
electric dipole-allowed transitions in any mol- 
ecule that can be crystallized. The present 
lower limit of detection for specular reflec- 
tance is c« = 500 M~*cm™', and there is no upper 
limit, making specular reflectance a complemen- 
tary technique to polarized absorbance spec- 
troscopy for which a practical upper limit of 
detection is e« = 1000 Mtcm™*. Polarized sin- 
gle crystal specular reflectance spectroscopy 
has begun to be recognized as a powerful tool 
for determining the polarizations of charge 
transfer transitions in both inorganic and or- 
ganic molecules. It can also observe solid- 
state perturbations present in crystals, espe- 
cially when planar complexes are arranged 
closely as in one-dimensional conductors and 
their precursors. 

The use of polarized specular reflectance 
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for electronic spectroscopy on molecules was 
reported in 1960 by Anex and Simpson? on mo- 
lecular crystals, such as naphthalene and 
anthracene, with high reflectances in the vis- 
ible and ultraviolet regions. Later work by 
Anex and coworkers included specular reflec- 
tance of Magnus's Green Salt??? and bis (di- 
methylglyoximato)nickel and related complexes. 
Anex summarized the principles and early ap- 
plications of polarized reflection spectros- 
copy in a review in 1966.° Subsequent use of 
polarized specular reflectance on molecular 
species has been limited with a few examples 
in the U.S.,° USSR,” France,® and Japan.? Re- 
cently our laboratory has been quite active in 
the determination of CT transition polariza- 
tions in discrete molecules.?°~+* 
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Specular Reflectance Theory 


Specular reflectance is a fundamental opti- 
cal property of materials and its theory has 
been well developed.!* Since this paper em- 
phasizes molecular and interband transitions, 
we shall briefly outline reflectance theory to 
identify only the relationships between ex- 
tinction coefficient k and the reflectivity R. 
Metallic parameters may also be readily ob- 
tained. In transparent regions where k = 0, 
the reflectivity R is given by R = r? = 
(n - 1)7/(n + 1)?, where r is the amplitude 
of the reflected light. The index of refrac- 
tion n may be obtained from the Cauchy equa- 
tion n = A + (B/d?) + (C/r"). This dependence 
of n on i is called "normal dispersion" and is 
most familiar in transparent materials on the 
low-energy side of significant absorptions as 
in quartz in the visible and near ultraviolet 
regions. 

In regions of absorption, reflection be- 
comes complex: 
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where? is the phase change upon reflection. 
Here, n undergoes dramatic changes known as 
"anomalous dispersion,'' such as in quartz in 
the far ultraviolet. Both n and k are thus 
functions of 6 and r, and 9 may be determined 
through a Kramers-Kronig transformation® in 
which 
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Some manipulation is necessary to account for 
w = w and the experimentally inaccessible re- 
gions of the infinite range of frequencies in- 
dicated. The relationships between R and k 
are shown in Fig. 1 for a typical spectrum. 
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FIG --Relationship between R and k. 
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FIG. 2.--Diagram of polarized specular reflec- 
tance microspectrophotometer. 


Instrumentatton 


The polarized specular reflectance micro- 
spectrophotometer in our laboratory is derived 
from a design by Anex” with several recent en- 
hancements (Fig. 2). The optics are based on 
a reflecting microscope with two internal 
light choppers, beam splitter, and reference 
mirror for double-beam operation. The refer- 
ence mirror is calibrated to an NBS standard 
mirror. The light sources used are a xenon 
arc lamp and a tungsten halogen lamp housed in 
an F4.5 reflecting universal lamp housing for 
UV and visible regions. An Instruments SA 32cm 
Czerny~Turner monochromator is computer-con- 
trolled in increments as small as 1 A with a 
typical resolution of 0.2 R in the UV and vis- 
ible. A Glan-Thompson prism polarizer, colli- 
mating mirrors, and order filters complete the 
optical path. Detection is by a photomultipli- 
er tube and lock-in amplifiers. An Apple IIe 
computer controls the instrument through mono- 
chromator advances, data collection, sensitiv- 
ity selection, and order filter charges. Data 
are statistically evaluated during collection 
and are sent to a Hewlett-Packard 3000 computer 
for Kramers-Dronig analysis. Temperature con- 
trol is achieved with an Air Products liquid 
nitrogen cryotip refrigerator, which allows 
continued temperature control from room temper- 
ature down to 80 K. Isolation from atmosphere 
is via a vacuum shroud with a fused silica win- 
dow. Regions as small as 30 ym in diameter may 
be chosen for observation, which allows selec- 
tion of good regions from pitted surfaces of 
large (vlmm) crystals and observation of very 
small crystals with flat surfaces. 


Binuclear Metalloprotein Models 


Tron and copper ions form active sites in a 
large number of proteins responsible for fun- 
damental electron transfer and oxygen interac- 
tion.+°»+® Spectroscopic study of these ac- 
tive sites is usually hampered by the strong 
UV absorptions of the protein. We are study- 
ing the active sites of both binuclear iron 
and copper proteins involved in oxygen trans- 
port and reaction using inorganic models that 
contain ligands similar in appearance and 
neighboring geometry to the central metals as 
in the protein but without contributing inter- 
fering absorbances. 


Iron Models, Iron is well known as the active 
site inthe non-heme proteins hemerythrins, ribo- 
nucleotide reductase, acid phosphatases, and 
methane monooxygenase.*°?*° Our principal fo- 
cus in iron proteins has been hemerythrins, 
oxygen transporting proteins that exist in in- 
vertebrates such earthworms and lamp shells, 
and have as many as eight binuclear iron 
sites. Hemerythrin exists naturally in two 
principal forms shown in Fig. 3: (a) oxyheme- 
rythrin with each active site having two six- 
coordinate ferric ions bridged by an oxo and 
two carboxylate groups with a hydroperoxide 
bound to one of the irons and likely hydrogen- 
bound to the oxobridge’’; and (b) deoxyheme- 
rythrin, where the dioxygen has been removed, 
leaving a pair of triply bridged ferrous ions, 
one being only five-coordinate, and a proto- 
nated oxo bridge.**® Loss of hydroperoxide 
from oxyhemerythrin without reduction of irons 
gives an "aquo-met'' hemerythrin or simply 
“methemerythrin" (metHr), again with one five- 
coordinate iron.?* The uncoordinated site in 
metHr can be occupied by one of several anions, 
including N,;~, OCN~, SCN7, SeCN-, and halide 
ions. The oxy- and met-hemerythrins have in- 
tense UV transitions that have been assigned as 
oxo-Fe(III) charge-transfer transitions. : 

Our interest is in the interpretation of the 
UV transitions in relation to the nature of 
the bridging groups and the bonding angles at 
the active site. 
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FIG. 3.--Natural forms of hemerythrin: a = 
oxy-hemerythrin, b = deoxyhemerythrin. 


The principal efforts on oxo-bridged iron 
models have been directed toward the iron III 
form, methemerythrin. The structures of the 
active sites in metHr and azidomethemerythrin 
(metN;Hr) (where the sixth position on the 
available iron is an azide group) have been 
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determined to 2.0K resolution.+® There is an 


opening of the Fe-Q-Fe bond angle upon addition 
of the azide group, from 127° to 135°, and a 
Similar effect might be expected upon addition 
of a peroxo group at the same site. We are in- 
terested in models that allow a study of the 
spectroscopy of the active site. Two immediate 
questions arise: (1) which bridging groups con- 
tribute to the spectroscopic characteristics in 
the UV; and (2) what electronic structure role 
does the Fe-O-Fe bond angle play? The possi- 
bility of simultaneous pair excitation (SPE) of 
ligand field transitions*! has been considered 
and we conclude that the UV spectroscopic fea- 
tures are primarily due to oxo-Fe(III) CT 
transitions.’?»*° The question about the spec- 
troscopic contribution from bridges has been 
approached by choosing a model that contains 
only one bridge such as HEDTAFe-O-FeHEDTA, 

but in this case the Fe-O-Fe bond angle, 
v~165°,?2 is much greater than in hemerythrin. 
Thus, the question of the effect of bond angle 
must also be considered. We have developed a 
modelt? to account for the effect of Fe-0-Fe 
bond angles from 90° to 180°, which will now 
be summarized. 

The Fe-O-Fe group may be viewed as two Fe-0 
groups each affected by the additional iron 
mainly through its effect on the oxygen orbital 
alignment. Figure 4(a) depicts the resultant 
energy levels for a linear arrangement. Only 
one a ,oxo > Fe(III) transition is allowed: 
ai(O) > a,(FeIII), in the Fe-Fe(z) direction. 
Several transitions are allowed from e(0), but 
the px,y > dxz,yz (allowed z) 1s most intense 
due to greatest overlap between the involved 
orbitals. 
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FIG, 4.--Fe and O energy levels resulting from 
two geometries of the Fe-O-Fe bond angle. 
(From Ref. 12.) 


As the Fe-O-Fe angle becomes bent, the ori- 
entation of the oxygen p orbitals changes. The 
change in point group to C2, allows the linear 
degenerate orbitals to split. The e+etransi- 
tion becomes two anda forbidden a+etransition 
becomes allowed as a;>b,. The high-energy 
transition remains as aj>a, in Czy. All tran- 
sitions except ai>b,; are symmetry-allowed in 
the z(.Fe-Fe) direction, and the ai>b, is also 
believed to be allowed \Fe-Fe due to mixing of 
p orbitals. 

We prepared H,en(HEDTA Fe),0 and have ob- 
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FIG. 5.--Polarized spectra from H,en(HEDTAFe)p 
H,en(HEDTAFe)2,0: a = specular reflectance, b = 
transformed into absorbance; solid line, elec- 
tric vector parallel to Fe-Fe; dashed line, 
perpendicular to Fe-Fe. 


tained polarized specular reflectance spectra 
and their transformed absorbance spectra 

(Fig. 5).1* The three transitions II, III, 
and IV are consistent with the predicted low- 
energy transitions from Fig. 4(b) and have 
been assigned as oxo '(b2) > Fe dy'z(ba2), 

oxo px'(z)(vbi) + Fe dxtz(%bi), and oxo pz(x') 
(vai) > Fe dxtz(vbi). Transition V is attrib- 
uted to an iron to carboxylate oxygen transi- 
tion, polarized normal to the Fe-Fe direction. 
It is interesting to note that modest features 
in reflectance become significant peaks in ab- 
sorption. In fact, the relative intensities 
agree well with the predictions for peaks II, 
III, and IV of decreasing intensities for the 
peaks as energy increases, 


Models of Copper-contatning Proteins and 
Enzymes. Copper has a variety of functions 
when incorporated into proteins and enzymes, 
including dioxygen binding and transport as in 
hemocyanins, incorporation of oxygen atoms in- 
to organic molecules as with the monooxygenase 
tyrosinase, and the reduction of oxygen into 
water as with the copper oxidase laccase,. 
These funcitons are performed at binuclear or 
multinuclear copper sites which are currently 
being studied to understand the electronic 
structure related to reversible dioxygen bind- 
ing and activation for hydroxylation. Our in- 
terest in these systems has been the determi- 
nation of the polarizations of charge-transfer 
transitions related to copper-dioxygen bonding 
through the study of inorganic models of the 
binuclear copper site. 

Hemocyanins are found both in arthropods 
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FIG. 6.--Structure of active site in oxyhemocyanin. 
FIG. 7.--Polarized absorbance spectra from CuCl, monomer and K2CuCl,e dimer. 
FIG. 8.--Transitions for Ds4h and Dj, copper chlorides. 


and in molluscs; the spectral responses upon 
uptake of oxygen are similar in both types. 
Crystal structures of deoxyhemocyanin (Hc) and 
oxyhemocyanin (oxyHc) have been determined with 
resolutions of 3.2 and 5 &, respectively.?34:b 
Although the resolution in oxyHc is too low to 
determine the orientation of oxygens, a pos- 
sible arrangement is shown in Fig. 6 along 
with the protein coordination sites. Before 
this x-ray study on oxyhemocyanin was available, 
spectroscopic methods were used to determine 
several characteristics of the active site, 
which continue to be critical for both addi- 
tional structural information and for insights 
into the electronic structure of the binuclear 
copper site. 

As with hemerythrin, it has proved to be 
beneficial to study models that resemble the 
oxyHe active site and whose structures are pre- 
cisely known, We have begun with models that 
may be used to determine the general spectral 
consequences of dimer formation in binuclear 
copper complexes, 

Copper chloride is a simple system that is 
known in both monomeric and dimeric forms. We 
contributed to the definitive assignment of 
CuCl, transitions+® and have begun a study of 
the dimeric K2Cu2Clg. The monomer 
(N-mpH) 2CuCl, showed two prominent transitions 
in the UV (Fig. 7) both polarized x,y in agree- 
ment with predictions for a Dyh system (Fig. 8). 
(Transitions polarized z are also allowed from 
group theory, but have no intensity due to a 
lack of overlap of orbitals involved.) The 
dimer K2oCu2Cig is being studied to find the ef- 
fects of bridging on the CT transitions. We 
have determined the morphology in relation to 
the atomic positions (Fig. 9) and have obtained 
polarized spectra on the (010) face, yielding 
an x,y and a z polarization (Fig. 7). As pre- 
dicted for Deh from simple correlation with 
Duh, degeneracies should be split and new 
transitions become allowed. The combined x,y 
polarized spectra show at least one prominent 
additional peak, which may be tentatively as- 
signed as due to the new Dzh symmetry. 


One-dimenstonal Conductors: Metallorporphyrins 
and Analogs 


One-dimensional conductors and their pre- 
cursors have been of interest for many 
years** and have been actively studied by 
us for the past two decades,°°’*°"?? including 


both inorganic complexes such as stacked 
planes of Pt(CN),? 7° in which conductivity 

is through the metal atom chain, and organic 
compounds such as (TMTSF) 2C104°8 in which con- 
ductivity is through the w system. As an ex- 
tension of this work we have recently become 
interested in partially oxidized metallo- 
phthalocyanines [M(pc)'s] and other metallo- 
porphyrins which have been found to exhibit 
metal spine conductivity in some members and 

T ring conductivity in others.°*7?° our 
work?°~?9 and that of others***® on the simpler 
systems such M(CN),*~, and the work of others 
on M(dmg)2*, where dmg = dimethylglyoximate 
ion (Fig. 10a) showed prominent red shifts 
upon crystallization and closer stacking for 
transitions related to one-dimensional conduc- 
tivity. This result led to many theoretical 
interpretations, none of which appeared suffi- 
cient in itself to explain these spectral ob- 
servations. Very recent calculations®’ ap- 
pear to be more successful and compare favor- 
ably with the existing spectroscopic data on 
M(CN),*~ and M(dmg),-type systems. 


Tetracyano and Glyoxtmato Complexes. One 
of the most thoroughly studied systems is that 
of Ni(CN)y*7, Pd(CN),*7, and Pt(CN)y*~, where 
in each case of a salt containing closely 
stacked planes, a prominent transition appears 
to the red of the solution absorption region. 
This leads to highly colored salts in most ot 
the Pt(CN},427's. Partial oxidation of 
Pt(CN),?~ leads to metal spine conductors 
(KCP's) where the d,? band is generally thought 
to be the conducting band.°° The dz2 orbital 
and the out-of-plane transition originating 
from it have thus received close attention. 
The behavior of the out-of-plane transition in 
a series of Pd(CN)4*~ salts is shown in Fig. 
11, where the prominent peak is red-shifted 
from the solution region as the interplanar 
spacing diminishes.”° Both band theory**?* and 
excition theory’??? have been invoked to ex- 
plain the red shift, but SCF-Xa-SW calcula- 
tions by Interrante and Messmer’° on Pt (CN) 477 
and its dimer appear to be more successful in 
describing the red shift. For a dimer with 
2.9A spacing, a shift of 14 030 cm”? is pre- 
dicted. The red shift for the wider spaced 
Ba[Pt(CN),]-4H20 is 12 400 cm™?, which is in 
qualitative agreement with the Xa calculations. 
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FIG. 9.--Morphology of K2Cu2Cls, viewed (a) normal to the (010) face, (b) (102) face. 
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FIG. 10.--Structures of (a) M(dmg),, (b) pc type complexes, where for pc, X = Y = N; tbp, 


X= Y =C; tatbp, X=N, Y=C. 


FIG. 11.--Out-of-plane spectra of several Pd(CN),*~ 


spacing decreases. (From Ref. 28.) 

Metallophthaloeyanines. Phthalocyanines 
have been known since iron phthalocyanine was 
inadvertently formed in 1928,** and have been 
used as textile dyes for many years. The ob- 
servation that partial oxidation of metallo- 
phthalocyanines gives rise to conductive de- 
rivatives’“ has renewed interest in these and 
similar macrocyclic compounds. Metallophthal- 
ocyanines (Fig. 10c) have a structure similar 
to that of the dmg's, but are more closely re- 
lated to the metalloporphyrins. Several re- 
views of the structure, spectra, and conduc- 
tive properties of metallophthalocyanines are 
available.°7°°®>*? The crystalline structure 
of unoxidized M(pc) consists of planes stacked 
in a herringbone fashion 120-40° off the plane 
normal, with an interplanar distance of about 
3.4 A.** The conductivity is low (~1077- 
107**271 em?) and the unpolarized spectra are 
dominated by m>1T* transitions in the visible 
and UV, 8? 9 F297 

Partial oxidation of phthalocyanines results 
in a straightening of the stacking architecture, 
a slight closing of the interplanar spacings to 
3.2K, and a very large increase in conductivi- 
ty. Temperature-dependent conductivity, mag- 
netic susceptibility, thermoelectric power, 
and EPR data on Ni (pc) 122239 and Co(pe)I** show 
the former to be a metallic conductor with par- 
tial oxidation occurring on the pe (ring con- 
ductivity), to give a 5/6 filled macrocycle- 
based valence band. A schematic diagram of en- 
ergy levels is given in Fig. 12. In contrast, 
the Co(pc)I has semiconductor character, with 
partial oxidation occurring on the metal (metal 
spine conductivity). In this compound the d,2 
band, initially 1/2 full, is proposed as the 
site of one-electron oxidation for every third 
Co, thus reducing the band filling to 1/3. The 
charge compensation in both cases is by Iz” 
ions, whose periodicity apparently causes gaps 
in the bands at 1/3 and 2/3 filling which, in 
the case of Co(pc)I, results in its observed 
semiconductivity.** Because the highest ener- 
gy occupied orbital is the one that becomes ox- 
idized, it appears that in Ni(pc)I the d,2 band 
is below the HOMO (valence) macrocycle-based 
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salts, showing red shift as interplanar 
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FIG. 12.--Energy level diagram of selected or- 
bitals and bands in Ni, Co, and pc, showing 
unoxidized filling and band gaps for M(pc)I 
crystals. 
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FIG, 13.--Out-of-plane spectra of Ni(pc)I and 
H,(pe)I. Peaks A and B are extracted from 
Ni(pce)I curve. A is from Iz” and B is d,2 to 
pz transition. 


azy(7) band and in Co(pc)I it is above this 
azu(t) band. 

We have recently obtained visible and UV polar- 
ized specular reflectance spectra of Co(pcjI, 
Ni(pce)I, Cu(pe)I, and Ho (pe) i. Portions of 
the Ni and H, spectra are shown in Fig. 13. 
Previous studies reporting near IR and visible 
reflectance spectra of Ni(pc)I and Co(pc)I at- 
tributed a broad reflectance (17 000-20 000 
cm7™1) to a single broadened I,~ transi- 


tion.°°?3* Through a Kramers-Kronig transfor- 


mation of the reflectance of Ni(pc)I and 
Co(pe)I, we found evidence of two peaks in this 
region: peak A which corresponds to a 20 000 
cm”! opgeoy*I,” transition in other compounds 
with similar relative I, arrangements, and a 
separate transition B, at 16 000 cm? in 
Co(pe)I and 17 500 cm™* in Ni(pc)I, which we 
assigned as aig(dz?)>azy("*,pz) in the meta1.*°® 
Cu(pe)I shows the d,2>p, to be at v18 500 cm™’, 
and H,(pc)I shows only a 20 000 cm™? peak, as 
is expected. This is the first time a d,2>p, 
transition has been identified in a metallo- 
phthallocyanine. 

Another new observation in the M(pc)I's re- 
lates to the relative energy levels of metal d 
and ligand orbitals. In the ultraviolet spec- 
tra of Ni(pc)I and Co(pc)I we have found a z- 


polarized transition, C, in Co(pc)I at 40 000 


cm ~ and its counterpart in Ni(pc)I at 35 000 
em’? (Fig. 13). We have assigned them as 
bou(t)}*big(dy2 y2) which is in agreement with 


Gouterman's calculation of the Co Dig being 
5000 cm™+ higher than the Ni big.*” 

Specular reflectance spectroscopy is thus 
capable of providing valuable polarization in- 
formation on symmetry-allowed single-molecule 
electronic transitions and intraband transi- 
tions in conductors, and can observe transi- 
tions hidden under more prominent transitions 
of different polarizations. 
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INVESTIGATION OF THE MINERAL PHASES ON THE SURFACES OF 
DENTAL IMPLANTS BY THE RAMAN MICROPROBE MOLE 


Fran Adar and Michael Weinlaender 


Raman microprobe spectra of several dental im- 
plants consisting of titanium plasma-sprayed 
with hydroxypatite (HA) were recorded. Since 
the chemical and crystallographic composition 
of the coating influences the long-term mechan- 
ical effectiveness of the implant, the identi- 
fication of the phase(s) with the Raman micro- 
probe is useful in qualifying the devices. The 
coatings were confirmed to be crystalline HA, 
with a second phase, probably amorphous HA, 
which is known to have significant effects on 
the in situ chemical and mechanical perform- 
mance of the implants. 


Background 

The ultimate goal of implantation of pros- 
theses in the skeleton is to produce full inte- 
gration of the nonliving implant with the liv- 
ing bone. The physical and chemical properties 
of the implant and their interactions with the 
living bone are the key points in achieving 
mechanical integration. 

The oral and craniofacial rehabilitation of 
partially or fully edentolous patients with im- 
plant-supported protheses has progressed with 
the work of Branemark's group in Sweden.* This 
group, and a group of German researchers di- 
rected by Kirsch and Koch (IMZ), introduced ti- 
tanium as the raw material for the production 
of endosseous implants.? The biologically ac- 
tive surface of both types of implants is a 
dense protective oxide layer between 15 and 50 
A thick. This oxide layer (Ti0,) is formed 
seconds after machining or plasma-flame spray- 
ing and is resistant to chemical attack. Fur- 
ther, the high dielectric constant of all the 
oxides results in strong van der Waal's bonds 
at the surface. Both the Branemark and IMZ 
types of implants have a high success rate and 
are suitable for a large number of implant 
placements. 

However, there are occasions where the pre- 
existing bone is inadequate either in quality 
or quantity, which leads to difficulties in 
implantation, especially in posterior mandible 
and maxilla. Titanium and many other bioma- 
terials have been studied for use as 
implants. A choice of material for successful 
implantation must meet many stringent require- 
ments. It should have certain mechanical 
(physical) and biological (chemical) properties 
and also be suitable for fabrication into func- 
tional devices. Interest in the Ca phosphate 
ceramics for medical and dental applications 
derives from the absence of toxic components in 
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their composition and their resemblance to the 
inorganic phase of the human skeleton. 

Among the more recent bioceramics used for 
implantation materials are hydroxyapatite, 
Caz0(POu)6 (OH)2, (HA); and tricalcium phos- 
phate, Ca3(PO,)2 (TCP)--because of their ex- 
cellent compatibility with living hard tissue. 
They can be fabricated with properties simu- 
lating hard tissues. Dense sintered ceramics 
can have compressive strength up to 5000 kg/ 
cm?; macroporosities, with values between al- 
most 0 to more than 50%, exhibit values close 
to those of bone. The more porous structures 
allow for bony ingrowth and are therefore es- 
sential for mechanical stabilization of the 
implant. 

One of the most unique and potentially val- 
uable features of the Ca phosphate implants, 
both dense and porous, is their apparent abil- 
ity to become directly bonded to bone. At the 
interface of the implants, bone is usually 
found to be deposited directly to the surface 
without an intervening fibrous capsule. Be- 
cause Ca phosphate ceramics are composed of 
the same ions as natural bone mineral, these 
ceramics are capable of participating in 
solid-solution equilibrium interactions at 
their surfaces. The required ions needed to 
establish these equilibria may be derived from 
the implant, the surrounding bone, or both. 

It is to be expected that the composition of 
any solids deposited on the surface of these 
implants would be largely determined by the 
surrounding physiological media, i.e., bio- 
logical apatite. 

Studies of biodegradability of Ca phosphate 
ceramics, both dense and porous, remain con- 
troversial. Materials with Ca/P molar ratios 
between 1.50 and 1.67 are actively studied; 
TCP and HA occur with these ratios, respective- 
ly. Posner et al. review the chemical behav- 
ior of calcium phosphates of various composi- 
tions (chemical and crystallographic) and his- 
tory of formation.* Factors presumed to gov- 
ern the biodegradation of the Ca phosphates 
that are most often mentioned in the litera- 
ture include the molar Ca/P ratio, the crys- 
tallographic structure (including the amor- 
phous phases), and the degree of porosity. It 
has been assumed that dense HA materials ex- 
hibit slow resorption, whereas porous TCP are 
resorbed more rapidly than HA materials with 
similar porosity. Two types of porosity of 
ceramics have been discussed. Microporosity 
refers to the spaces remaining between the 
particles following sintering; these spaces 
are of the order of microns in size. Macro- 
porosity describes pores larger than 100 um, 
and as such allow for bone ingrowth. 

The principal limitation in the use of the 
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Ca phosphate ceramics for implantation is de- 
rived from their mechanical brittleness. Ce- 
ramics are characteristically stronger in com- 
pression than in tension. Brittleness makes 
them mechanically inferior to both bone and 
metal, They are useful only in applications 
where the forces are compressive. 

The idea of combining the superior mechani- 
cal properties of a metallic base (Ti) with a 
Ca phosphate ceramic possessing superior bio- 
logical and osteophilic properties was intro- 
duced by the production of hydroxyapatite- 
coated Ti implants. The coating is applied by 
the plasma flame spray technique.* In this 
process, pulverized HA particles 50-100 um in 
size are injected into an Ar gas stream and 
carried into a plasma flame whose temperature 
is between 15 000 and 20 000 C. The particles 
are partially melted in the plasma and then de- 
posited on a titanium surface to thicknesses 
of about 50 um. 

These implants are expected to produce a 
faster rate of incorporation due to simultan- 
eous deposition of bone on the prepared bone 
site and the implant surface. However, prob- 
jems are to be expected. The thermal expansion 
characteristics of the coating and the metal 
are different. At high temperatures, Ti ions 
can possibly migrate into the ceramic and alter 
the properties of the bioactive surface. It is 
also possible that the crystallographic proper- 
ties of the HA, altered during the plasma 
spray, may affect the bioactivity. The present 
study was initiated to examine the crystallo- 
graphic properties of the plasma-sprayed coat~ 
ings of four commercial dental implants. Raman 
microprobe analysis requires absolutely no sam- 
ple preparation. It produces information con- 
cerning the crystallographic phase, includ-ng 
the presence of amorphous material. 


Eepertmental 


Samples of the following dental implants 
were examined: Integral from Calcitek, Lamel- 
lar HA Coated Endosteel Implant from Interpore 
IMZ, and Steri-OSS from Denar Corp. Reference 
samples of TCP (Synthograft from Johnson §& 
Johnson) and HA (Calcitite from Calcitek) were 
also examined. 

Spectra were acquired on the U1000 Raman 
microprobe which is described elsewhere.° 


Results 


Complete spectra of the two reference mater- 
jals are shown in Fig. 1. Part A shows spectra 
in the fingerprint region; Part B, in the OH 
stretching region. The spectrum of HA repro- 
duces that reported in the literature® where 
the spectrum was interpreted in terms of the 
Ce, 2 space group instead of the Ce& space 
group. Apparently the lowering of symmetry 
produced by the position of the OH~ groups in 
the unit cell does not affect the coupling of 
the phosphate vibrations. The symmetric 
stretch v1, appears as a single line at 964 
cm-!, Other bands were split by effects of 
packing of the ions in the crystal. The bands 
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between 425 and 450 cm? have been assigned to 
components of v2. Those between 575 and 

615 cm” were assigned to v4 and those between 
1025 and 1085 cm™+ to v3. 

The low intensity in the OH” stretching re- 
gion of TCP is consistent with its composi- 
tion; the residual intensity at 3574 cm7+ 
probably indicates HA contamination in TCP. 

Initially it was thought that variations in 
the performance of the implants might be due 
to deposition of small amounts of TCP in place 
of some of the HA. Therefore, the reference 
spectra were examined to determine the best 
region of the spectrum to use for determina- 
tion of phase, It was apparent that the Powe” 
symmetric stretching region near 965 cm” 1 pre- 
sents the most sensitive region for diagnos- 
tics of phase. Raman microprobe spectra of 
the implants in this region were recorded. 

The spectrum of the Integral implant is 
overlaid with that of the reference materials 
in Fig. 2. All the implants gave character- 
istically the same spectrum. The strong phos- 
phate band of HA dominates the spectrum of 
the implant. However, there is another band 
at lower frequency, somewhat broader than 
bands of the reference materials. This band 
does in fact overlap with a band of TCP, but 
is not being assigned to TCP for the follow- 
ing reason. The TCP spectrum shows another 
band, of even greater intensity, on the high- 
frequency side of the HA band that was absent 
in all implant spectra. Since there is always 
the possibility that relative intensities of 
Raman bands can be distorted when single 
crystals are probed, several spectra of parti- 
cles of TCP were examined and showed the same 
pattern as that in Fig. 2. Therefore, the ex- 
tra low frequency band would have had to be 
accompanied by a higher-frequency band if its 
origin were TCP. 

An alternate explanation for the extra band 
is that it comes from amorphous material co- 
deposited during plasma spraying. The assign- 
ment of this band to the amorphous phase comes 
by inference, since no sample of amorphous HA 
was available for examination. It is known 
that the Raman spectra of amorphous phases are 
analogous to spectra of the crystalline phases 
of the same material; the principal differ- 
ences are that the bands tend to be broadened 
and shifted to lower frequency. These effects 
arise from the reduction in size of ordered 
regions of the materials and a breakdown of 
the slection rules due to lack of symmetry. 
The resulting coarseness of the mesh in the 
Brillouin zone leads to scattering wavevectors 
significantly different from zero producing a 
spectrum of bands weighted by the phonon den- 
sity of states.’ 

This explanation is in fact consistent with 
the plasma spray process which is known to 
melt the particles partially.” It is also an 
explanation that will be useful in rationaliz- 
ing the degree of success of the implantation 
since the rate of resorption of HA will be 
eer tere for crystalline vs amorphous materi- 
als. 
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implant from Calcitek. 


Coneluston 


Raman microprobe spectra of dental implants 
confirm that the deposition of CA phosphate 
during plasma spraying produces crystalline HA. 
Co-deposited with crystalline HA is a second 
phase, probably amorphous HA, The ratio of 
crystalline to amorphous HA, which affects the 
performance of the implants, can be monitored 
by the Raman microprobe. 
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APPLICATIONS OF INFRARED MICROIMAGING TO COATINGS 


R. T. Carl 


During the past five years, infrared (IR) mi- 
crospectroscopy has progressed from an exotic 
and difficult technique to a routine method of 
analysis. This advance is due to the merger 
of highly sensitive Fourier transform IR spec- 
trometers with precision IR and optical micro- 
scopes. IR microspectroscopy is now widely 
used in failure analysis, forensic chemistry, 
and polymer science. Typically, an experiment 
would involve obtaining a single IR spectrum 
of a trace contaminate or investigation of a 
single polymer defect. 

Recently there has been an interest in using 
the IR microscope as an imaging probe.’~* Im- 
aging techniques are used in technologies such 
as electron microprobes,° laser electron mi- 
croscopy, ° surface-enhanced Raman spectros- 
copy,’ and nuclear magnetic resonance.® IR 
imaging begins by coupling an IR microscope to 
a computer-controlled, two-dimensional motor- 
ized stage. A series of infrared spectra can 
be obtained at specific X and Y positions of 
the sample. This four-dimensional data array 
(X vs Y vs frequency vs intensity) can be com- 
pressed to three dimensions by choice of a 
specific frequency over the spatial range of 
the sample. A series of images based on dif- 
ferent functional groups can be obtained by 
variation of the frequency to be displayed. 
These Functional Group Images (FGI)*°* provide 
a means of nondestructive evaluation of the 
chemical composition ofa sample ona microscopic 
scale. Nondestructive testing is of particular 
importance in the coating industry, since re- 
moval of the coating changes the physical and/ 
or chemical composition of the sample. With 
the use of IR microimaging, the sample can be 
investigated without removal from its physical 
environs. 


Expertmental 


All data were collected on a Nicolet System 
740 spectrometer interfaced to an IR-PLAN mi- 
croscope equipped with a proprietary Nicolet 
high-sensitivity, narrow-band 0.25mm MCT de- 
tector. A Spectra-Tech 6 x 6in. X-Y motorized 
stage was mounted on the microscope along with 
a 15X Cassegrainian objective (0.58 numerical 
aperture). All collection, stage-movement, and 
data-reduction routines were controlled by the 
Nicolet data station. All spectra were col- 
lected at 8 cm? resolution in 128 co-added 
scans for a measurement time of 22 s. Redun- 
dant Aperturing was used in every case to col- 
lect spectra of high spatial purity and photo- 
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metric accuracy.” Coated steels and paper 
samples were obtained from industrial sources. 


Results 


The first sample investigated was a section 
of high-grade steel coated with an organic ma- 
terial. This proprietary material was applied 
as a rust preventative and corrosion inhibi- 
tor. Minimizing the thickness of the coating 
to the point where the material would still 
retain its anticorrosive properties could re- 
duce costs in the production of this material. 
A tedious, destructive, wet gravimetric method 
could be used to determine the coating thick- 
ness. Unfortunately, this procedure would 
only yield an average thickness and large var- 
iations in the thickness could still lead to 
ineffectual protection. Therefore, the pur- 
pose of performing an IR imaging experiment on 
this sample was to determine the variation of 
the coating thickness in order to tailor the 
production process for consistency. 

As a first step in setting up the IR imag- 
ing experiment, the bulk sample (75 x 100 mm) 
was mounted on the X-Y stage. Since the 
sample was originally intended to study the 
effects of weathering, only half the steel 
surface was coated and the other half remained 
uncoated. For this study, both the aperture 
size and stage step size was set to 400 yum. 
The area to be investigated was approxi- 
mately 0.8 x 0.8 mm. Thus, the spectrometer 
was set up to collect a 20 x 20 spectral ma- 
trix. The infrared microscope was set up to 
collect data in the reflectance mode, since 
steel is a highly reflecting substrate. A 
new background on the uncoated portion of the 
steel was collected after each row (X varied, 
Y fixed) of sample spectra had been collected. 
This procedure was intended to minimize any 
effect of purge changes over the several hours 
of data collection. 

After all the spectra were collected and 
processed, an individual spectrum was examined 
to determine the absorption frequency for 
analysis. A band in the C-H stretching region 
was selected as diagnostic of the coating 
thickness, 

The data reduction can be performed either 
by use of the peak height of a band or its in- 
tegrated absorbance, In addition, a pair of 
bands could be selected and the ratio of 
either peak heights or integrated absorbances 
of these bands could be displayed. This type 
of data reduction is important in investiga- 
tion of polymer blends where the sample thick- 
ness also varies. In this case, the peak 
height of the single frequency was selected 
to be used in the data compression. A contour 
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FIG. 1.--Contour display of coating on steel 
surface, Step size: 400 x 400 um, peak 
height. 

FIG. 2,--Axonometric display of coating on 
steel surface. Step size: 400 x 400 um, peak 
height. 
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plot of the result is shown in Fig. 1. This of the ink surface. When the ink appears 
plot represents 400 spectra taken over a sam- blotchy or mottled, it is an indication of 
ple area of 0.8 x 0.8 mn. The bottom portion product failure. Did the mottled appearance 
of the plot shows no IR activity for the fre- come from the bulk paper or the latex coating? 
quency selected since this is the uncoated por- Previous studies using ultraviolet (UV) imag- 
tion of the steel surface. At approximately ing have indicated that variations in the la- 
2000 um in the Y direction, the contour lines tex coating gives rise to the mottled appear- 
begin and are closely spaced. This indicates ance.+° Additional surface studies of latex- 
an area of rapidly increasing intensity which coated papers have used techniques such as 
should correspond to the edge of the coating. electron spectroscopy for chemical analysis 
The contour lines soon become more widely (ESCA)*? and electron probe x-ray microanaly- 
spaced, which shows the coating is being sam- sis.4* In this case, IR imaging was used to 


pled. An axonometric projection of the contour determine whether there are differences in the 
plot is shown in Fig. 2. As can be seen, there latex uniformity that could possibly cause 
is variation throughout this coated area. The mottling during the ink test. 


smallest peak height is 0.04 A; the largest, A sample was removed from the paper sheet 
0.09 A, a variation of over 100%. This varia- that had failed the ink test. Initial studies 
tion is in excess of manufacturing specifica- on the microscope in transmission mode in- 
tions for this product. dicated that portions of the IR spectrum 

In order to investigate the variation on a would be totally absorbed due to the thickness 
smaller scale, the aperture and step size were of the paper. However, a band at 1509 em7* 
set to 100 um. A 20 x 20 matrix was collected could be identified as being due to the latex 
and the data compression performed at the same coating by comparison with a pure spectrum of 
C-H stretching frequency. The contour and axo- the latex. The area to be mapped was 4 x 4 mm 
nometric projection are shown in Figs. 3 and with a step size of 200 um. The dual aper- 
4, Since the area sampled was only 0.2 x 0.2 tures on the microscope were also set to 200 
mn, the variation in thickness is less than in um. A 20 x 20 spectral matrix was collected 
the previous case. However, the edge of the over 4h. The data reduction was performed by 
coating is being explored in much more detail. analyzing the peak area of the 1509cm~+ band. 
As can be seen in the figures, there is a grad- A plot of the contour map is shown in Fig. 5 
ual slope from the uncoated portion of the and indicates variations in the thickness of 
steel to the maximum coated level. This slope the latex coating. The axonometric plot is 
can be used as an indication of the speed of shown in Fig. 6. These results indicate that 
the curing process. A rapidly cured product this latex variation may be causing the mot- 
would have a very steep slope since the curing tling in the ink test. Additional work on a 
would be completed before the product had a sample that passed the quality control test is 
chance to cold flow. A slowly cured product still needed to confirm this postulate. 
would likewise have a gentle slope, since a In conclusion, the coupling of an IR micro- 
large amount of flow would occur before the scope with a motorized X-Y stage allows the 
product completely cured. technique of IR imaging to be employed. Ease 

The second product examined was a latex- of use is facilitated by having flexible soft- 
coated paper sample. This product had failed ware available on the spectrometer data station 
one of the quality control inspection tests which can execute rapid data reduction and dis- 
after it was manufactured. This particular plays. The application of IR imaging in both 
test consists of applying ink to the coated reflectance and transmission can yield valuable 
side of the paper and monitoring for evenness information about the thickness and variation 


of coatings. 
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FIG. 3.--Contour display of coating on steel 
surface. Step size: 100 x 100 um, peak 
height. 

FIG, 4.--Axonometric display of coating on 
steel surface. Step size: 100 x 100 um, peak 
height. 
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FIG, 5,.--Contour display of latex coating on 
paper. Step size: 200 x 200 um, peak area. 
FIG, 6.--Axonometric display of latex coating 
on paper. Step size: 200 x 200 um, peak 
area, 
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A MICROEXTRACTION TECHNIQUE FOR THE DIRECT ISOLATION OF LIQUID 
DROPLETS CONTAINED WITHIN A MATRIX 


L. S. Darmon and D. L. Pierce 


The analysis of particles directly isolated 
from a matrix has specific advantages. Spatial 
resolution is increased without a decrease in 
the beam dimension, which optimizes throughput 
and minimizes diffraction effects. Direct iso- 
lation also circumvents the need to infer 

that the material of interest is contained 

in a bulk extract. This feature increases the 
confidence that the analytical information ob- 
tained pertains to the originally observed 
specimen. As a general rule, solid particles 
are easier to manipulate and to isolate from a 
matrix than liquid droplets of the same dimen- 
sions due to their rigidity. Some 40um drop- 
jets have been large enough to be manipulated 
physically for analysis. However, the droplet 
size of many problems encountered is approxi- 
mately 10 pm, with an occasional 25um droplet. 
These 25um droplets can be successfully iso- 
lated by extraction by a 10u1 syringe and or- 
ganic solvent. In addition, this technique can 
also be used to transfer films of low viscosity 
liquids from the surface of a coating to the 
appropriate substrate for chemical analysis. 
Once isolated, microscopy techniques for the 
preparation of samples at the nanogram level 
are documented in the literature;+»* microspec- 
troscopy thus becomes a valuable tool in con-' 
tamination analysis. Two instances in which 
this technique was used to isolate material 
from a gelatin matrix are described. The iso- 
lation and the microinfrared analysis was ac- 
complished in under 2 h. This technique en- 
ables the direct isolation and analysis of ma- 
terial under the restrictive time lines neces- 
sitated by industrial problem solving. 


Procedure 


The sample is viewed under a stereomicro- 
scope in order to identify the area of interest. 
The surface of the coating is punctured with a 
sharp probe to expose the bubble and a drop of 
solvent is applied through a 10yu1 syringe. 

The surface mixture is next withdrawn into a 
second syringe to prevent cross contamination. 
This mixture is transferred to an infrared sub- 
strate or a watch glass. The procedure is re- 
peated until a sufficient quantity of material 
is collected for analysis. 


Discusston 


In the first example, samples received for 
analysis contained bubbles of a nonwater-solu- 
ble material included in a gelatin matrix. 


The authors are with the Chemicals Quality 
Services Division, Eastman Kodak Co., Roches- 
ter, NY 14652-3702. 


Some of these bubbles had broken the surface 
of the gelatin layer and smeared across the 
surface of the coating. These areas were ex- 
tracted by use of approximately 20 ul of 
2,2,4-trimethylpentane. The extracts were 
transferred to a watch glass and the extrac- 
tion solvent was allowed to evaporate. The 
infrared spectrum obtained identified the ma- 
jor component of the residual to be an aromat- 
ic phosphate ester. This was a known compon- 
ent of the solution being coated. An adjacent 
area, free of the liquid, was chosen as a 
blank and surface extracts showed negligible 
residue indicating that the material isolated 
was indicative of the manufacturing problem 
and not an artifact of the isolation proce- 
dure. Based on this information, the solution 
preparation procedure was restructured and the 
coating problem was eliminated. 

In the second example, samples of a coated 
product contained liquid bubbles in the range 
of 10-25 um in diameter. Several bubbles were 
exposed by a sharp probe and the material was 
collected by the microextraction procedure. 
This material was identified by infrared spec- 
troscopy and gas chromatography-mass spectrom- 
etry as di(2-ethylhexyl)phthalate. Tubing 
containing this plasticizer was removed from 
the solution delviery system and the coatings 
resumed without further incident. 


Coneluston 


Microextractions have enabled the direct 
isolation and chemical identification of ap- 
proximately 25um-diameter bubbles from a gela- 
tin matrix. Since the material was directly 
isolated, confusion was avoided in the inter- 
pretation of the data. Direct isolation tech- 
niques also increase spatial resolution with- 
out decreasing beam dimensions. This microex- 
traction technique, although applied here to 
the isolation of material in a gelatin matrix, 
has general applicability to other polymeric 
systems. 
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INFRARED SPECTRAL MAPPING OF 
eee 


Infrared microspectrometry (FT-IR microscopy) 
provides a direct method for analysis and map- 
ping of molecular species in materials. Appli- 
cations of FT-IR microscopy to the mapping of 
molecular species in polymers is reported to 
demonstrate the utility of this technology. 
Microscopists have contributed greatly to our 
understanding of polymer science, and FT-IR mi- 
croscopy promises to expand these contribu- 
tions. Polymer microscopy has been limited to 
observing morphology, measuring optical prop- 
erties, and (in crystalline polymers) record- 
ing electron or x-ray diffraction patterns. 
Identifications are made by comparing observa- 
tions with recorded values or by selective 
staining techniques.+>* Refractive index, 
birefringence, and thermal prperties are the 
classic light-microscopy measurements, but none 
of these quantities are direct observations of 
the molecular structure. FT-IR microscopy re- 
cords the molecular structure.*’* 

FT-IR microscopy is a microbeam analytical 
technique. Microbeam analysis has three pri- 
mary objectives: to identify small samples 
chemically, to generate quantitative analyses 
of small sampling areas, and to image the sam- 
ple in order to relate the chemical and morpho- 
logical structure. Because of the advances in 
IR spectroscopy, IR microspectroscopy has be- 
come a practical reality. Fourier transform IR 
spectrometry has greatly improved spectral 
quality and spectrometer through-put and dra- 
matically increased signal-to-noise response. 
Improved spectral quality also enhances our 
ability to interpret the complex IR spectra of 
polymeric materials.° FT-IR microscopy is the 
combination of light microscopy with IR spec- 
troscopy. It is by combining imaging, spec- 
troscopy, and quantitative photometry that map- 
ping a polymer's molecular structure with its 
morphology has been achieved. 

FT-IR microscopy differs from traditional 
electron-beam microanalysis in its spatial 
resolution, in the experimental conditions, and 
in the nature of the spectrographic information 
obtained. IR radiation has a longer wavelength 
than visible light. Resolution is limited by 
diffraction and optics so that the practical IR 
probe size approaches the wavelength. In the 
mid-IR this factor limits the sampling area to 
10 x 10 um. If resolution is its weakness, the 
molecular spectral information is FT-IR micros- 
copy's real strength. The experimental condi- 
tions for FT-IR microscopy are also an advan- 
tage, since the samples are examined in air; no 
vacuum is required. 

Three mapping applications of FT-IR micros-~ 
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POLYMERS BY FT-IR MICROSCOPY 


Reffner 


copy to polymer science are presented: (1) the 
qualitative analysis of a multilayered lami- 
nate, (2) the IR dichroic analysis of a single 
acrylic fiber, and (3) the measurement of the 
oxidative degradation of polypropylene exposed 
to environmental weathering. These examples 
were chosen to show some of the advantages 
gained by this combination of technologies. 


Experimental 


All infrared spectra reported in this work 
were obtained with a Nicolet 20 SXB FT-IR TM 
spectrometer equipped with an IR-plan FT-IR 
microscope. Spectra were recorded at 4cm + 
resolution by means of a 0.25mm MCT detector 
operating at 77 K. Polarized IR measurements 
were made with a wire grid polarizer. The 
wire grid polarizer has 1200 aluminum wires 
per millimeter on zinc selenide, providing a 
range of 5000 to 500 cm™? 

Polymers used in this work were all commer- 
cial materials. The polymer laminate is a 
proprietary food container. The acrylic fiber 
was Fiber No. AOQ159, from Reference Collection 
of Synthetic Fibers, Collaborative Testing 
Services, Inc., Herndon, Va. The polypropylene 
studied was a charcoal lighter fluid container 
cap exposed to the environment on the author's 
patio for two years. Thin cross sections of 
polymeric samples were prepared by convention- 
al microtome sectioning techniques, with an 
American Optical Co. rotary microtome with a 
steel knife. 


Results 


Analysts of a Plastte Laminate. Laminating 
plastic films to form composite structures with 
improved properties is an expanding technology. 
These composite structures offer a new level 
of complexity, challenging the polymer analyst. 
It is often difficult to separate the laminate 
into its basic constitutes by conventional 
methods. FT-IR microscopy provides the best 
solution for the direct analysis of these ma- 
terials. The preparation of a laminated struc- 
ture for IR microscopical analysis requires 
that a 5-20um-thick cross section be prepared. 
Layers of the laminate can then be analyzed by 
IR spectroscopy by use of the microscope and 
remote image plane masks to isolate each layer. 
Individual layers as thin as 15 um can be iso- 
lated and analyzed. 

The laminate shown in Fig. 1 contains five 
discrete layers. The microtome sectioning of 
this plastic laminate, the mounting of sections 
for analysis, and the collection of the IR 
spectra required less than 1 h to complete. 

The micrograph in the figure represents what is 
seen when one views the laminate's cross sec- 
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FIG. 1.--IR microanalysis of plastic laminate. 


tion through the microscope. After masking 
with the dual remote image plane masks provid- 
ed in the IR-PLAN microscope, the IR absorption 
spectrum of each layer was recorded. The 
thickness and identification of each layer of 
this laminate is listed in Table 1. The adhe- 
sive layers 2 and 4 are both less than 20 m 
thick and their spectra were obtained without 
interference from neighboring layers. Although 
laminates are complex materials, FT-IR micros- 
copy allows their composition to be determined 
while retaining the details of their geometry 
and order within the composite. 


TABLE 1.--FT-IR microscopical analysis of lam- 
inate. 


Layer number Thickness (ym) Composition 

1 81.4 + 2.0 Polystyrene 

2 P2<9-S e060 Ethylene 
vinylacetate 

3 55.772 240 Polyvinyli 
dene chlor- 
ide 

4 Lied & J.0 Ethylene 
vinylacetate 

5 >300 Polyethylene 


Linear Dichroism of a Stngle Acrylte Ftber, 
The orientation of molecules in a processed 
polymeric material is an important factor in 
establishing the properties of the product. IR 
spectra can be used to measure molecular orine- 
tation when polarized IR radiation is used. 
Polarization of the IR radiation gives it an 
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orientation that can be used to probe a poly- 
mer's molecular orientation. The importance 
of molecular orientation in polymer science is 
well established.®°*’ While polarized infrared 
studies of films have been possible with bulk 
samples, the analyses of single fibers re- 
quire FT-IR microscope.* The IR linear di- 
chroic analysis of a single acrylic fiber il- 
lustrates the utility of the IR microscope 

for these studies, 

In synthetic fibers the molecular chains 
are oriented by the extruding and drawing pro- 
cesses, In acrylic fibers the carbon chains 
become aligned with the fiber axis, causing 
the nitrile groups to become oriented perpen- 
dicular to the fiber axis. Because the ni- 
trile groups are highly polarizable, the opti- 
cal birefringence of acrylic fibers is small 
and often negative (i.e., the perpendicular 
index of refraction is higher than index of 
refraction measured parallel to the fiber 
axis). Linear dichroic IR spectra specifical- 
ly measure the orientation of the nitrile 
groups in a single acrylic fiber. 

The measurement of the orientation of ni- 
trile gorups in a single acrylic fiber in- 
volves three steps: (1) sample preparation, 
(2) recording spectra with the FT-IR micro- 
scope, and (3) analysis of the dichroic spec- 
tral data. 

Single CRESLAN acrylic fibers (A0159) were 
removed from a 6in.-long section of a contin- 
uous filament tow and mounted over a 13mm cir- 
cular opening in a microsample slide. Great 
care was used not to stretch or deform the fi- 
ber during its mounting. Pressure~sensitive 
tape was used to secure the fiber section on 
the slide. When examined microscopically, the 
fibers were straight longitudinal sections 21 
um in diameter. 
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FIG, 2,--Linear dichroic spectra of nitrile groups in single acrylic fiber. 


The linear dichroic IR transmission spectra 
were recorded on a small portion (15 x 200 um) 
of a single fiber with the use of dual remote 
image plane masks to define the measuring 
field. The polarizer was aligned both parallel 
to the fiber axis and perpendicular to it. 

Two spectra were necessary at each orientation 
of the polarizer: sample and background. Sam- 
ple and background single-beam spectra were 
ratioed to obtain transmittance or absorbance 
values. Figure 2 shows the linear dichroic 
spectra of the nitrile group in a single acryl- 
ic fiber. In a uniaxially oriented fiber com- 
posed of low symmetry molecules, Fraser's anal- 
sis of dichroic spectra can be applied.’ In 
this analysis it is assumed that a nonoverlap- 
ping, purely polarized transition can be found. 
This is the case for the nitrile absorption 
band in the acrylic fiber. The dichroic ratio 
A is defined as the absorbance ratio of the 
bands measured parallel (0°) and the perpendi- 
cular (90°) to the fiber axis. Fraser assumed 
a model based on a two-component mixture. One 
fractional component (f) in this mixture has 
perfect uniaxial orientation; the second frac- 
tion (1 - f) has completely random orientation. 
If the angle between the transition moment of 
the vibration involved and the stretched poly- 
mer axis is a, then Fraser's formula is given 


by 


_A(O) _ f cos*a + (1 - f)/3 
~ A(90) ~ 3(f sin?a) + (1 - £)/73 


This expression can be reduced for the 
acrylic fiber because o = 90° for the nitrile 
groups relative to the chain axis. For the 
acrylic fiber, the fraction of nitrile groups 
oriented 90° to the polymer chain is 


1-R 
1 - O.5R 


R 


f= 
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The dichroic ratio R = 0.50 was determined 
from the linear dichroic spectra data shown in 
Fig. 2. For an R = 0.50, 40% of the nitrile 
groups are oriented 90° to the stretch direc- 
tion of the fiber. The FT-IR microscope makes 
it practical to measure routinely the linear 
dichroic spectra of single fibers. 


Oxidative Degradation of Polypropylene. In 
general use, most commercial polymers are ex- 
posed to the environment and to oxidative 
degradation. The polymer's resistance to this 
degradation is an important performance prop- 
erty. Much research has been done to develop 
antioxidants to retard this process and many 
tests are used to measure this degradation. 

IR spectroscopy has been used extensively to 
record the chemical changes that occur on the 
surface of a weathered polymer. The FT-IR 
microscope provides a new dimension to the 
study of the degradation process. By examina- 
tion of cross sections of a weathered polymer, 
the FT-IR microscope can recordd an in-depth 
profile of the degradation process. A study 
of polypropylene illustrates this method. 

A polypropylene container cap used in this 
study had been exposed outdoors for two years. 
There were visible signs of exposure, fading 
of the dye and surface cracking. A micrograph 
of a cross section of the polypropylene cap is 
shown in Fig. 3. Sections 30 um thick were 
cut normal to the exposed surface. The IR 
sampling field was 20 x 20 um, with the narrow 
dimension parallel to the exposed surface. Al- 
though smaller sampling areas could have been 
selected, this area provided the most repro- 
ducible results near the crazed surface. Af- 
ter comparing the spectra of the exposed sur- 
face with that from an unexposed interior por- 
tion, it was decided to use the ratio of the 
1712cm-? absorption to that of the 1163cm™? 
band as a measure of the polymer's oxidative 


FIG, 3.--Micrograph of cross section of 
weathered polypropylene 


degradation. A carbonyl absorption (1712 em” *) 
was found in the IR spectrum near the degraded 
surface, but this peak was not present in the 
unexposed polymer. Figure 4 is a plot of ab- 
sorbance ratio as a function of distance from 
the exposed surface. The degradation of the 
polypropylene extends deep within this sample 
and is not limited to the polymer at the ex- 
posed surface. The oxidation follows an ex- 
ponential decrease from the outer surface, 
which is expected either for a diffusion con- 
trolled process or photodegradation, This 
sample was used only to demonstrate the FT-IR 
microscopy technique, Since the formulation of 
this polypropylene container cap is unknown, 
no conclusions should be drawn from these data. 


Dtseusston 


The three examples of polymer IR microbeam 
analysis illustrate that combining the tech- 
niques of FT-IR spectroscopy and light micros- 
copy presents an advance in technology for the 
polymer materials scientist. In material sci- 
ence the relationship between structure and 
properties is paramount. The ability to cor- 
relate molecular structure with microstructure 
is of major importance in the study of poly- 
mers. With the FT-IR microscope, simultaenous 
examination of these two structures is possible 
and is a practical reality. 
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FIG. 4,--Plot of 1712/1163 absorbance ratio 
as a function of distance from exposed surface 
of weathered polypropylene. 
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RAMAN CHARACTERIZATION OF STRAIN IN GaAs EPITAXIAL FILMS GROWN 
ON SAPPHIRE AND SILICON-ON-SAPPHIRE SUBSTRATES 


T. P. Humphreys, J. B. Posthill, K. Das, C. A. Sukow, 
N. R. Parikh, and R. J. Nemanich 


The growth of heteroepitaxial GaAs films on 
semiconducting, * insulating,’ and semiconduc- 
tor-on-insulator’ substrates has been reported 
for the potential application of monolithic in- 
tegration of electronic and optoelectronic de- 
vices. However, it has been demonstrated that 
the realization of high-quality GaAs device 
layers is inhibited by the presence of a high 
density of microstructural defects and a large 
residual tensile strain.’ Indeed, it has been 
reported that the performance of GaAs lasers 
fabricated on Si substrates degrades very rap- 
idly as a result of thermally-induced strain." 
Moreover, wafer bowing and the formation of 
microcracks in the GaAs epilayer have also 
been reported. Consequently, it is believed 
that a fundamental requirement for achieving 
high performance and reliable optoelectronic 
devices in heteroepitaxial GaAs is the growth 
of strain-free epitaxial layers. It is envis- 
aged that by selection of a sapphire-based ma- 
terial system in which there is a close match 
with the thermal expansion coefficient of GaAs, 
high-quality strain-free epitaxial GaAs layers 
can be achieved.° 

In the present study, the technique of Raman 
spectroscopy has been systematically employed 
to characterize the strain in GaAs epitaxial 
films that have been grown on (0001) and (1012) 
sapphire (a-Al203) substrates. For integration 
with Si circuitry, heteroepitaxial GaAs has 
also been grown on commercially available chem- 
ical vapor deposited (CVD) silicon-on-sapphire 
(SOS) and SOS that has been upgraded by the 
double solid-phase epitaxy (DSPE) process.° We 
report that the GaAs films deposited directly 
on sapphire exhibit no measurable strain, and 
the GaAs layers grown on SOS substrates display 
a residual tensile strain. The magnitude of 
the strain in the GaAs-on-SOS is substantially 
less than that observed in GaAs films deposited 
directly on Si(100) substrates. 
“——~“T. P. Humphreys is at Bell-Northern Research 
Ltd., Ottawa, Ont., Canada K1Y 4H7; J. B. Post- 
hill is at the Research Triangle Institute, Re- 
search Triangle Park, NC 27709-2194; K. Das is 
with the Department of Materials Science and 
Engineering, North Carolina State University, 
Raleigh, NC 27695-7907; N. R. Parikh is at the 
Department of Physics and Astronomy, University 
of North Carolina, Chapel Hill, NC 27599-3255; 
and C. A. Sukow and R. J. Nemanich are with the 
NCSU Department of Physics, Raleigh, NC 27695- 
8202. The authors are grateful to Dr. E. D. 
Richmond (Naval Research Laboratory) and to W. 
Dubbelday and Dr. R. E. Reedy (Naval Ocean Sys- 
tems Center) for kindly providing the SOS sub- 
strate materials. 
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Experimental 


The GaAs epitaxial layers were grown by 
molecular beam epitaxy (MBE), as described 
elsewhere.° The Raman measurements were per- 
formed in a backscattering configuration with 
a 514.5nm Ar ion laser. The Raman spectra 
were obtained with 150 mW of laser power, and 
all measurements were made at room tempera- 
ture. The position of the Raman peaks was 
measured with an accuracy of + 0.2 cm? and 
the line widths with a spectral resolution 
better than 0.2 cm7?. 


Results 


Shown in Fig. 1 are the first-order Stokes- 
Raman spectra from the GaAs/a-Al203 hetero- 
structures. Both the longitudinal optical 
(LO) and transverse optical (TO) phonon modes 
were observed in the GaAs layers and are shown 
with a spectrum from homoeptiaxial GaAs (100). 
The relatively large intensity of the TO pho- 
non mode is consistent with (111) GaAs epitax- 
ial growth.” The corresponding Raman spectra 
from (100) GaAs epitaxial films grown on SOS 
are shown in Fig. 2. Although the TO mode is 
forbidden for scattering from a (100) GaAs 
surface, the observation and relative inten- 
sity of the TO mode is believed to be indica- 
tive of disorder-induced scattering. However, 
it is not clear at this time whether the mag- 
nitude of the TO peak is due solely to orien- 
tational disorder in the near-surface region 
(i.e., the presence of microtwins and disloca- 
tions), or whether the surface roughness can 
affect the Raman selection rules. The peak 
position of the LO mode can be related to the 
residual strain in the film. Indeed, the LO 
peak frequencies shown in Fig. 2 are less than 
the natural LO frequency of GaAs, which is 
indicative of tensile strain in the GaAs lay- 
ers. The elastic strain in the films can be 
determined from the LO peak frequency shift 
from the expression Aw/W) = -1.55, where Aw is 
the shift in the LO peak from its natural fre- 
quency wo, and S is the strain.’ It can be 
seen from the data presented in Table 1 that 
the GaAs/a-Al203 heterostructures exhibit no 
measurable strain, whereas the GaAs/SOS com- 
posite structure has a residual tensile strain. 
Of interest is that the magnitude of the 
strain in the GaAs films grown on SOS sub- 
strates upgraded by the DSPE process is con- 
siderably less than that observed in the GaAs 
layers deposited on CVD SOS substrates. 


Figure 1. 
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FIG. 1.--Raman scattering spectra comparing 
(a) GaAs/(0001)a-Al203;, (b) GaAs/(1012)a-A1203, 
(c) homoepitaxial GaAs (100). 


TABLE 1.--Summary of Raman scattering results 
from GaAs heteroepitaxial films. 


LO Phonon LO Phonon | LO Phonon } Elastic Strain 
Substrate Peak Frequency | Peak Shift [Tensile] 
(em™}) (em!) x1073 
CVD-SOS 291 4 -05 
DSPE-SOS 291.7 ~0.2 
(1012)a-Al,0; 291.9 0.0 
(0001 }a—Al,03 291.9 0.0 
$i(100) 291.0 -0.9 
Cone lustons 


The Raman measurements presented in this 
paper demonstrate that the heteroepitaxial 
GaAs films grown directly on sapphire sub- 
strates are strain free. In comparison, the 
GaAs/SOS heterostructures exhibit a residual 
tensile strain. However, the magnitude of the 
strain is substantially less than that ob- 
served in GaAs films grown directly on Si(100) 
substrates. Clearly, the use of sapphire- 
based substrates, which have a more closely 
matched coefficient of thermal expansion with 
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Figure 2. 
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FIG. 2.--Raman spectra from GaAs grown on: 
(a) DSPE-SOS, (b) CVD-SOS, (c) GaAs (100) sub- 
strates. 


GaAs than does Si, results in an elastic 
strain decrease in the grown GaAs films. 
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RAMAN MICROPROBE OBSERVATIONS OF CARBON AND OXYGEN STABLE ISOTOPES IN GEOLOGIC MATERIALS 


R. C. Burruss, Tom Ging, and Dennis Carlson 


Variations in the ratios of the stable isotopes 
of carbon and oxygen in geologic materials pro- 
vide important information on the origin and 
history of terrestrial materials.+ Stable iso- 
tope ratios are routinely measured by gas- 
source ratio-mass spectrometry (RMS) after con- 
version of the carbon and oxygen of the sample 
to CO, gas. Sample preparation and conversion 
to gas is time consuming and routine measure- 
ments require hundreds of micromoles of CQ,. 
Some of the first papers describing the appli- 
cation of the laser Raman microprobe (LRM) to 
geologic materials mentioned the possibility of 
observing the Raman bands of stable isotopes, 
in particular the ?°C band in liquid CO, fluid 
inclusions.?°3 If stable isotope ratios can 
be measured by LRM with an accuracy and preci- 
sion that is geologically useful, i.e., +1 ppt, 
then not only is sample preparation simplified, 
but more important, isotopic measurements on 
zoned minerals are possible with micrometer 
spatial resolution, fluids in individual fluid 
inclusions can be studied, and the minimum sam- 
ple size approaches the focal volume of a high- 
magnification, high-aperture microscope objec- 
tive, i.e., about 107°? cm}. 

The first LRM observation of 1*C/?*C ratios 
in liquid CO, fluid inclusions stated preci- 
sions ranging from +10 to +37 ppt,?°% signifi- 
cantly lower than the routine precision of RMS 
of less thatn +1 ppt. The difficulty of apply- 
ing LRM to stable isotope measurements is best 
illustrated by considering that the natural 
abundance of ‘°C is 1.11% and *°O is 0.204%. 
Variations in the ratio of the rare to abundant 
isotope in an unknown Rynk are measured in ppt 
relative to the ratio in a standard Rstd calcu- 
lated as follows: 


[Rink ~ Retd)/ Rta! a AOU ES ADEE) 


Therefore, variations in the 6 value of 1 ppt 
in +%c or 180 are infact variations in the ab- 
solute abundance of 1 part in 10° and 2 parts 
in 10° in ?°c/*+7c and +°0/*°0, respectively. 
Achieving this level of precision in Raman 
spectroscopy is difficult. Most discussions of 
quantitative Raman spectroscopy state that de- 
tection limits are of the order of 1:100 to 
1:1000, with precisions of about 1% rela- 
tive. ?” 

The recent evolution of LRM technology 


R. C. Burruss and T. Ging are with the U.S. 
Geological Survey, Denver, CO 80225. D. Carl- 
son is with EG&G, Princeton Applied Research, 
Evergreen, CO 80439. The authors gratefully 
acknowledge the loan of an OMA III system by 
EG&G. 
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toward high-efficiency coupling of microscope 
to monochromator and the improved signal-to- 
noise (S/N) ratio possible with multichannel 
detectors suggest that it may be feasible to 
measure geologically meaningful (+ Ippt) sta- 
ble isotope ratios via LRM. To investigate 
this possibility we made measurements on 

three types of samples: (1) one synthetic 
CO,-rich fluid inclusion in Brazilian quartz,° 
(2) one natural CO,-rich fluid inclusion in 
quartz from a gold-bearing vein system in 

Sa Es Alaska,’ and (3) five samples of RMS 
analyzed calcite from different localities. 
The inclusion samples were used to evaluate 
the possibility of simultaneous observation of 
both *°c and ?°0. The strongly scattering vj 
mode of CO;~ in calcite was used to test 
whether the LRM measurement can be "'calibrat- 
ed" with RMS measurements. 


Instrumentatton 


All measurements were made with an Instru- 
ments SA Ramanor U-1000, 1 m double monochrom- 
ator system equipped with 1800-groove/mm holo- 
graphic gratings and an Olympus microscope 
with an Olympus MSPLAN 50x (0.8 NA) objective 
lens. Scattered radiation was detected with 
either a single-channel, photon-counting sys- 
tem (RCA 31034A PMT at -20 C, Pacific Instru- 
ments amplifier-discriminator, ISA Spectra- 
link, and IBM-AT computer running ISA PRISM 
software), or a cooled, 700-channel intensi- 
fied diode-array detector (Princeton Applied 
Research Corp., Model 1455 detector at -35 C 
and OMA III computer system). For single- 
channel measurements all slits were set at 200 
um to give spectral resolution of 1.8 cm7™?, 
During multichannel measurements the entrance 
slit remained at 200 um and the intermediate 
slits were opened to 25 mm. Spectra were mea- 
sured relative to the 514.532nm line of a 
Spectra-Physics Model 2025-5 argon ion laser 
regulated in the power mode. Two Pellin-Broca 
prisms and a spatial filter removed plasma 
lines. The laser power at the entrance to the 
microscope was 100 mW. 

Data were collected with long integration 
times to yield high S/N. For single-channel 
measurements the step size was 0.2 cm™’, inte- 
gration time was 30 s/pt, and the spectrum was 
scanned 30 times and averaged. The OMA III 
data system was equipped with a 14-bit A/D 
converter, so that exposure times were set to 
yield about 15 500 counts on the abundant iso- 
tope peak and 1000 exposures were summed. 

Peak ratios were calculated as the ratio of 
peak heights after subtracting background. 
(NOTE: Manufacturer's names are for information 
only and do not constitute endorsement by the 
U.S. Geological Survey.) 
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FIG, 1.--Full-scale and expanded and smoothed 
plot of 2v, of Fermi diad of COQ, in liquid C0, 
fluid inclusion (20 um largest dimension) in 
quartz from an Au-bearing vein. Single-channel 
data. 
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FIG, 2.--Spectrum of same features as in Fig. l 
for different fluid inclusion. OMA III array 
detector data. X-axis is in diode number with 
dispersion of about 0.2 em */diode. Increasing 
wavenumber to the left (opposite of Fig. 1). 
Data collection time 1 h 40 min. compared to 

15 h. for Fig. ks 


TABLE 1.--Comparison of single-channel analyses 
of °c/1®c in one CO,-rich fluid inclusion. 
Single standard deviation o (in ppt) is much 
larger than predicted from counting statistics. 


Total Counts | Total Counts 
13¢ 12¢ 


= 31929 6 2386952 4) 0.013377 
syni_3 20938.5 1539565 2; 0.013600 
synt_4 19864 2 1493828.7) 0.013298 
syni_6 16771.2 1185255.9| 0.014150 


0.013606 
0.000333 
24.47 


Results and Discusston 


A typical spectrum of the 2v, peak of CO, 
in a CO, liquid inclusion (room temperature) is 
shown in Fig. 1. The +°CO, peak is resolved 
from the 1*CO, peak and a weak signal appears 
at 1365 cm7+, the reported position of the 
12¢18%916Q peak.® The spectrum in Fig. 2, from 
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different inclusion, shows the improved S/N 
possible with a multichannel detector and 
clearly shows the presence of the *7c+*0?%o 
peak. 

The precision of LRM measurements of 1°C/ 
12¢ in a single CO, fluid inclusion was evalu- 
ated from four sets of observations, with each 
set requiring about 15 h to accumulate 1-2 x 
10° counts on the 17C0, peak. The results are 
summarized in Table 1. A single standard de- 
viation of the mean, recalculated in ppt, is 
24 ppt, within the range of previously pub- 
lished values. However, this value is consid- 
erably larger than the 9ppt variation predict- 
ed from counting statistics alone. This find- 
ing suggests that other sources of noise are 
affecting the results. One obvious source of 
noise is amplitude fluctuations in the laser. 
In the power-regulation mode, fluctuations in 
amplitude should be no more than 0.1% rms, 
even that will cause variations in the peak 
ratio of about 10 ppt. These variations are 
too large for geologically useful measurements. 

Noise from laser fluctuations can be lim- 
ited by use of a multichannel detector. The 
isotope bands occur within the 140cm™* range 
of a 700-channel detector, which eliminates 
the need to step the monochromator and allows 
all the isotope bands to be recorded simul- 
taneously, Any variations in laser intensity 
are eliminated by integration over the expo- 
sure time of the detector. 

We made several sets of measurements with a 
multichannel detector on five samples of cal- 
cite that have different isotopic compositions 
previously determined by RMS, Calcite was 
chosen for several reasons. First, the vz 
mode of COz~ causes intense Raman scatter, de- 
creasing the time necessary to collect large 
data sets; second, isotopic ratios measured by 
RMS are readily available; and third, many 
natural calcites are chemically and isotopi- 
cally zoned. Therefore, if we can demonstrate 
accurate measurements of stable isotope ratios 
in calcite by LRM, we shall have an ideal case 
for testing the feasibility of spatially re- 
solved isotope measurements, One important 
consequence of measuring the symmetric stretch- 
ing vz, mode of CO;- is that the only isotopic 
band allowed by the symmetry of the CO,~ ion 
in the calcite lattice is due to substitution 
of 180. Symmetric stretching of the C-0O bonds 
does not involve displacement of the carbon 
atom at the center of mass of the ion; there- 
fore isotopic substitution of the C atom does 
not cause a shift in energy of the v; mode.” 

The data are summarized in Table 2 and dis- 
played in Fig. 3. Two results are obvious. 
First, three of the five samples have standard 
deviations similar to that predicted by count- 
ing statistics; the other two samples showed 
much larger variations. Second, although 
there appears to be a rough correlation be- 
tween the measurements by LRM and RMS, the 
scatter in the points shows that significant 
factors are affecting the LRM measurements, 
which must be understood before we can "'cali- 
brate'' the LRM measurements by RMS. One 
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FIG. 3.--+°0/1°O ratio in ppt (relative to sam- 
ple DL 1673) in five samples of calcite based 
on LRM measurements vs ratio measured by gas 
source, RMS, relative to MSOW (Standard Mean 
Ocean Water). Line is to guide the eye and 
suggests correlation between various types of 
measurements. An important source of varia- 


tion may be fluorescence. (See also Fig. 4.) 
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FIG. 4,.--Raman and fluorescence spectrum of 
calcite sample DL 1674. Broad emission band 
at about 3200 cm~? (615 nm) is due to Mn?* in 
calcite lattice. 


TABLE 2.--Comparison of RMS measured *°0/*°O 
relative to SMOW (Standard Mean Ocean Water ) 
with peak height ratio measured by Raman micro- 
probe for five samples of calcite. In three 
samples the observed o is comparable to theo- 
retical o from counting statistics. 


Raman, 
ppt, rel 


Sample DL1673 


DL 1673 0.00457088 


FR3-20-1 0.00438528 -41 
Harding Peg 0.00470547 29 
NBS-19 0.00385686 ~156 
PACM-6-5 0.00435808 -47 


factor is obvious in the Raman spectrum of sam- 


ple DL1673 shown in Fig. 4. The broad fluores- 
scene emission at about 3200 cm * (615 nm) is 
due to trace amounts of Mn?* in the calcite lat- 
tice.?°>1! This emission contributes a signifi- 
cant background to the Raman isotope bands at 
1060 to 1087 cm™?. The intensity of the fluo- 
rescence background varies from sample to sample 
and it is not clear whether this variation is 
due to different amounts of Mn?+ or whether 
other trace metals or organic components are 


activating the fluorescence.**+ In any case, 


spectroscopic techniques such as time-resolved 
Raman spectroscopy that can separate Raman 
bands from fluorescence emission will be neces- 
sary before LRM methods can be routinely ap- 
plied to stable isotope measurements in geo- 
logic samples. 


Cone Lustons 


Measurement of meaningful stable isotope 
ratios in geologic materials by LRM is diffi- 
cult but feasible. The basic limitations are 
counting statistics and background fluo- 
rescence. Multichannel detectors can solve 
some problems due to laser noise and improve 
counting statistics. However, eliminating 
background fluorescence is a more difficult 
problem that will require time-resolved Raman 
spectroscopic techniques. 
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INTERNAL AND SURFACE MEASUREMENTS WITH THE CONFOCAL SCANNING LASER MICROSCOPE 


John C. Russ 


The confocal scanning laser microscope (CLSM) 
is useful for viewing rough and irregular sur- 
faces as well as imaging very shallow planes of 
focus within transparent or translucent ma- 
trices to perform optical sectioning of three- 
dimensional structure. In the latter applica- 
tion, the light passes through the sample (usu- 
ally twice in a true confocal instrument). It 
is also possible to use the incident light to 
excite selectively fluorescent dyes used to 
stain structures, and recover the emitted light 
from shallow planes of focus. All these tech- 
niques take advantage of the very shallow depth 
of field of the confocal imaging technique, A 
point source of light is focused on (or in) the 
specimen, and the returned light (perhaps after 
passing through the specimen and being reflect- 
ed back) would ideally return to the point of 
origin. In some instruments such as the acous- 
tic microscope, which is also confocal, that 

is exactly what happens (the transducer that 
produces the signal is also the detector). In 
the light microscope, a beam splitter is used 
to divert the returned light to a separate de- 
tector, but from an optical point of view it 
still lies at a point confocal with the source. 

In this configuration light scattered from 
another point in the sample displaced either 
laterally or in depth from the focus point is 
not returned to the detector, and contributes 
very little brightness to the image, which 
makes for extremely high contrast and shallow 
depth of field. With objective lenses of 
suitably high numerical aperture, the depth of 
field can be less than 0.25 pm. Even more im- 
portant, the background brightness due to scat~ 
tered light from other parts of the sample is 
absent, which allows imaging without loss of 
contrast or resolution to the scattering and 
permits imaging within matrices that are trans- 
lucent, provided that the light source is mono- 
chromatic (e.g., a laser), so that variation in 
the refractive index of the sample with wave- 
length does not cause blurring or color fring- 
ing. 

As in all scanned image microscopy, the sig- 
nal is returned from only one point at a time, 
and raster scanning is used to build up an en- 
tire image. In many systems, the tradeoff be- 
tween the use of white light and laser light to 
achieve sharp optical sectioning is accompanied 
by a slower image acquisition speed so that 
real-time processes cannot be monitored. In 
the particular instrument we are using (Laser- 
tec 1LM11) this restriction has been bypassed: 
video rate imaging with monochrome 682nm (red) 
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light is provided, and we have been able to 
videotape real-time dynamic processes. The 
images can also be captured in real time by an 
image analysis system (Dapple Prism) which can 
process and measure them. 

One mode of operation is to focus on inter- 
nal structure in matrices that are transparent. 
Figure 1 shows a single frame from a videotape 
of such an image, in which a paramecium swimn- 
ming in a drop of pond water is captured as it 
passes through the focal plane. Only one 
plane of information through the paramecium is 
revealed, as well as individual cilia along 
its periphery. 

In a less transparent matrix, images can 
also be obtained and measured. Pores in high- 
ly dense alumina are difficult to characterize 
because they are small (<<1 um) and generally 
located at grain junctions such as quadruple 
points, due to the sintering process. They 
are important in determining the transparency 
of the material due to the scattering of light, 
and also influence mechanical properties. The 
conventional metallographic light microscope 
does not show the pores well because of the 
low probability of intersecting them with a 
plane of polish. Transmission light imaging 
is not used because resolution degrades quick- 
ly with thickness, and transmission electron 
microscopy cannot image sections thick enough 
to contain entire pores. 

With the CSLM we were able to image pores 
at depths in excess of 100 um in translucent 
alumina, with an effective depth of field of 
much less than the nominal 0.2ym resolution of 
the optics, because of the high contrast which 
they produce. Figure 2 shows the same area in 
depth and collecting a series of images, the 
complete pore distribution was quantitatively 
determined, The X,Y location of each pore in 
the images, and the Z coordinate from the 
stage drive, were written into a disk file for 
analysis to determine the pore density N, with- 
out bias or assumptions about pore or grain 
shape.* Figure 3 is the histogram of the near- 
est neighbor distance between pores, showing a 
strong tendency for clustering at small spac- 
ings due to the sintering and densification 
process, 

Surface relief can also be measured, since 
only the in-focus points of an irregular sur- 
face are seen at any single focusing distance 
(z-coordinate). This amounts to an iso-eleva- 
tion contour of the surface. Recording of 
several such contours permits direct measure- 
ment of surface relief. By scanning the z- 
coordinate (the focusing knob on the micro- 
scope stage) and recording the value at which 
the maximum (in-focus) signal is detected from 
each point along a line, a direct measurement 


FIG, 


1.--Transmission CSLM image (one frame 

from videotape) showing in real time swimming 
paramecium passing through plane of focus, re- 
vealing internal structure and external cilia. 


of surface elevation profile is obtained 

(Fig. 4). This profile consists of 1000 indi- 
vidual points measured along a scan line across 
the sample. The vertical resolution is easily 
able to show steps in metallization and other 
structures in integrated circuits of 0.1 um or 
less, as well as providing lateral resolution 
of about 0.25 um. This technique for noncon- 
tacting profilometry has found application in 
IC metrology and is also useful for a variety 
of other similar problems in materials science, 
such as measuring the depth of pits produced 
during erosion or machining operations which 
are often too small and too deep for contact- 
ing profilometers. 

By use of the microscope's RS-232 serial 
connection for control and data readout, exten- 
sion of this method to produce contour maps of 
entire surfaces is a straightforward applica- 
tion of computer storage and graphics tech- 
niques. Depth imaging of surfaces can also be 
performed with the same computer image presen- 
tation as used for serial section reconstruc- 
tion.> Figure 5 shows a reconstructed contour 
presentation from sequential images that were 
collected and processed to locate edges. The 
specimen is a loose conglomerate of particles. 

Using the same principle, namely that the 
brightest signal of light reflected from the 
specimen at each location corresponds to the 
in-focus point, one can also directly accumu- 
late an image with sharp focus over a depth of 
field limited only by the working distance of 
the objective lens. For surfaces that are not 
man-made, the variation in orientation is more 
gradual and random. Figure 6 shows an example, 
the bottom of a leaf containing stomata. For 
comparison another area of the same leaf is 
shown as it appears in the scanning electron 
microscope (SEM). Of course, the CSLM does 
not require any preparation of the sample such 
as a conductive coating, or exposure to vacuum, 
The video-rate imaging also permits study of 
the surface during real-time experiments, such 
as observation of the reaction of the leaf sur- 
face to exposure to saline solution. 
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FIG. 2.--Reflection CSLM images of same area 
of alumina sample, at focus depths near sur- 
face, at 6 to 8, and more than 11 um below 
surface. Bright spots arepores. Material is 
highly translucent alumina processed to high 
density (D = 0.9995) with a very fine (V1.5 
um) and uniform grain diamter. 


The shading contrast in the CSLM image is 
different from that in the SEM. The effective 
light source is in the same position as the 
viewer's eye, rather than being a variable dif- 
fuse light source as in the SEM image. Hence, 
these images are readily measured by the prin- 
ciples of shape-from-shading” and texture-from- 
shading.° One consequence of this is the 
ability to measure local surface roughness. We 
have previously shown® that the measurement of 
image texture (defined in terms of the varia- 
tion of pixel brightness as a function of dis- 
tance) can be applied to SEM images, and 
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FIG. 3.--Frequency plot for 3-D distance to nearest neighbor for pores in Fig. 2. 
FIG, 4,.--Reflection CSLM image of surface of a microelectronic device, with superimposed elevation 


profile along position indicated by solid line. 
FIG, 5,--Computer-generated view of contours from CSLM images of particles in conglomerate. 


FIG, 6.--SEM (top) and reflection CSLM (bottom) images of bottom surface of leaf, showing 
stomata. 
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FIG, 7. Measured image texture (with 20 vari- 
ation from 20 region measurements) as a func- 
tion of time. 


Pentland has shown’ that it works for macro- 
scopic surfaces under various lighting condi- 
tions. Such studies with the SEM and visible 
light have been used to measure wear of sur- 
face, roughness of metal fractures,’ and 
wrinkling of human skin with aging.?+® As an 
example of this technique with the CSLM, we 
collected images of the surface of plant tis- 
sue over a period of several minutes while it 
was exposed to a saline solution. The in- 
crease in surface roughness (Fig. 7) is a 
quantitative measure of surface wrinkling. 

From these examples, it is evident that the 
various imaging modes in the CSLM can be used 
to show and to measure internal structure and 
surface relief in a variety of eays. The im- 
ages are familiar to the eye and permit easy 
visual interpretation. Coupling of the micro- 
scope to an image analysis system allows mea- 
surements which can be used for surface and in- 
ternal metrology and stereology. 
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5 
New or Emerging Microprobes 


ULTRATRACE ELEMENT MICROCHARACTERIZATION OF SURFACES AND SOLIDS WITH SIRIS 


H. F. Arlinghaus, Norbert Thonnard, and H. W. Schmitt 


Sputter-initiated resonance ionization spec- 
troscopy (SIRIS) is a new and unique technique 
for the microcharacterization of surfaces and 
solids.+ SIRIS combines the resolution and 
surface analysis capabilities of sputtering 
with the highly efficient, element specific and 
general resonance ionization spectroscopy (RIS) 
technique. RIS, which is practical for most 
elements of the periodic table, is used to ion- 
ize the abundant neutral atoms released by the 
sputtering process, thereby increasing quanti- 
tation and sensitivity. Through precise tuning 
of wavelength, only atoms of a selected element 
are excited, ionized, and counted in a magnetic 
sector or time-of-flight mass (TOF) analyzer, 
thereby eliminating isobaric and other inter- 
ferences. Recent measurements indicated a to- 
tal detection efficiency of 20%, resulting in 
sub-ppb detection limits with RIS. This high 
efficiency reduces the required sample size and 
lowers detection limits by orders of magnitude 
with respect to other techniques. For ion-in- 
duced imaging, spatial resolution of 5 um is 
possible in the present configuration. The 
SIRIS technique is being evaluated for applica- 
tion in research fields as varied as semicon- 
ductors and optical materials, biomedical and 
environmental sciences, and geochemistry and 
cosmochemistry. 


Experimental 


Resonance ionization spectroscopy is a new 
laser-based technique for ultratrace element 
analysis. The concept of RIS was introduced by 
G. S. Hurst and co-workers?’* at Oak Ridge Na- 
tional Laboratory. They used RIS to detect a 
single cesium atom in a background of 107° ar- 
gon atoms and 107® CHy molecules.* Subsequent - 
ly the RIS concept was generalized and shown to 
be potentially feasible with present-day laser 
techniques for all elements of the periodic 
table except He and Ne.° 

In RIS, tunable lasers are used sequentially 
to excite and then ionize neutral atoms of the 
element selected for analysis. The spectrum of 
particular excited states for RIS analysis per- 
mits great selectivity (i.e., lack of interfer-~ 
ences). In Fig. 1, in scheme (a) a single la- 
ser beam is tuned to the wavelength that ex- 
cites the atom to a resonance labeled First Ex- 
cited State; another photon of the same wave- 
length further excites the atom to ionization. 
In scheme (b) three colors are used: the second 
color excites the atom from the first to a Sec- 
ond Excited State, and the third color excites 
the atom to ionization. Scheme (c) again uses 
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a single wavelength, but excitation to the Two- 
photon Allowed State requires the incidence of 
two photons, then ionization by a third photon 
of the same wavelength, thereby also allowing 
ionization of elements having high ionization 
potentials. To demonstrate this ultrahigh- 
element specificity of the RIS process, we ir- 
radiated a silicon sample containing 58 ppm Ga 
with an atomizing laser (instead of ion sput- 
tering) and detected the resonantly ionized Ga 
atoms in a TOF mass spectrometer without sec- 
ondary-ion suppression. Figure 2 shows the TOF 
spectrum for both the RIS laser tuned to gal- 
lium (upper plot) and detuned by 0.07 nm (low- 
er plot). Most of the signal in the lower plot 
is due to the laser atomization process, but, 
assuming that all of the signal in the mass 28 
channel was due to nonresonant photoionization, 
the upper limit to the nonresonant ionization 
signal is <2 x 10°? as compared to the reso- 
nant signal. Since the isotope shifts of most 
elements are small in comparison with the band- 
width of the RIS lasers used in these measure- 
ments, all isotope of a chosen element are 
ionized with essentially equal sensitivity and 
then separated with the mass spectrometer. The 
requirements for the mass spectrometer are re- 
duced to resolving neighboring isotopes, be- 
cause the high specificity virtually eliminates 
interferences from molecular ions, isobars, or 
scattered ions from the major constituents of 
the sample. 

In addition to the high selectivity of RIS, 
the process is extremely sensitive. The inten- 
sity of modern pulsed dye lasers is sufficient 
to saturate both the bound-bound transitions 
and the ionization step, thereby assuring unit 
probability of ionizing all atoms of the se- 
lected element that are in the ionizing laser 
beam. Figure 3 shows the correlation of the 
indium concentration in silicon samples with 
the indium SIRIS signal. These measurements 
were obtained with a 0.7yA sputtering ion beam 
current (500ns pulse width) for 5000 laser 
shots (less than 3 min). The 20 detection lim- 
it (5 counts) is at 300 ppt and the background 
at 60 ppt. It was found that the background 
is caused by neutral particles in the primary 
ion beam, which cannot be deflected; they hit 
the target while the RIS laser is on and pro- 
duce secondary ions-that cannot be suppressed. 
(Suppression of secondary ions produced by the 
sputtering process is achieved by a combination 
of relative timing between ion sputtering and 
RIS, timed extraction voltage switching, and 
electrostatic energy analysis.) 

Since the sputtering yield and the number of 
primary ions per pulse is known, and assuming an 
ionization efficiency of 100% in the overlap of 
the sputtered atom cloud and RIS laser beams, 
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FIG, 1,--Illustration of possible resonance ioniza- 


tion schemes. 

FIG. 2,--Demonstration of the mass selectivity of 
the RIS process. Upper plot: TOF spectrum with 
the RIS laser tuned to gallium. Lower plot: Same 
as above, with RIS laser detuned by 0.07 nm with- 
out secondary ion suppression. 


the total detection efficiency can be caicu- 
lated, which agrees with the measured 20% val- 
ue. For short ion pulses (<50 ns) and a large 
laser volume, total detection efficiency up to 
50% can be obtained, Raising the analysis time 
to 30 min and sputtering ion beam current to 

5 uA (possible with the present Perkin Elmer 
microbeam ion gun) lowers the detection limit 
into the low parts per trillion range. Still 
lower detection limits could be achieved with 
laser atomization RIS (LARIS). By use of a 
separate laser pulse instead of an ion pulse 
for the atomization process, up to 10*° parti- 
cles per 10ns pulse could be released from the 
sample (the practical limit for SIRIS 

is 10’ per 500ns ion pulse), thereby achieving 
a much lower detection limit in the same analy- 
sis time. The advantages of LARIS as compared 
to SIRIS are expected to be higher sensitivity 
and no charging effects on insulators; advan- 
tages of SIRIS are better quantitation, spatial 
resolution, and depth resolution. 

The third salient property of the RIS pro- 
cess is its generality. Using presently avail- 
able lasers, one can ionize over 80% of the 
elements in the periodic table by schemes (a) 
and (b), which yield extremely high selectivity 
and sensitivity at the few-atom level. The re- 
maining elements (except for helium and neon) 
can be ionized by scheme (c) at a factor of up 
to 100 less sensitivity, but still considerably 
more sensitive than with competing techniques, 
A schematic of the SIRIS and/or LARIS instru- 
ment is shown in Fig. 4. The present system 
consists of a Perkin Elmer microbeam ion gun, a 
RIS laser system, and electron imaging system, 
a computer-controlled (x,y,z,9) sample holder 
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which can hold in the present configuration up 
to ten 3/4 x 3/4in. targets, a sample inter- 
lock system, and a detection system. A second 
Nd:YAG laser system with its associate optics 
is available for LARIS analyses. Typical, 
primary ion beam pulses are in the 50-2000ns 
range, which permits efficient sample utiliza- 
tion, The atomization laser beam can be fo- 
cused with an x-y adjustable fused silica lens 
onto the sample. Spatial microcharacterization 
is obtained in two ways: (a) for small areas by 
scanning the ion beam, (b) for larger areas by 
changing the coordinate of the target position 
for a fixed ion or laser position. By block- 
ing the RIS laser beams, one can also use the 
system in the Secondary Ions Mass Spectrometry 
(SIMS) mode, a well-established analytical 
technique. 

RIS analysis requires free atoms in the gas 
phase. As depicted in Fig. 4, the RIS lasers 
selectively ionize atoms in the gas cloud of 
the chosen element that are subsequently ex- 
tracted and directed through an electrostatic 
energy analyzer and magnetic sector mass spec- 
trometer or TOF mass spectrometer onto an ion 
detector system, to be measured in the charge 
digitization or single-ion counting mode. By 
suitable choice of timing and electrostatic- 
field pulsing techniques, secondary ions pro- 
duced by the impact of the atomizating ion beam 
or laser can be suppressed, which reduces re- 
Sidual background effects and increases quan- 
titation because positive atomic and molecular 
ions cannot leave the surface. Further im- 
provement in quantitation can be achieved by 
control of the molecule or cluster-fragmenta- 
tion process by control of the power density 
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FIG, 3.--Correlation of indium in silicon con- 
centration with indium RIS signal. 


of the RIS laser??* 

The efficiency of ionizing the selected ele- 
ment from the sputtered cloud, and then counting 
the ions in a detector, depends on the temporal 
and spatial overlap of the sputtered particles, 
and the efficiency and passband of the electro- 
static energy analyzer and mass spectrometer, 
One can determine the velocity distribution 
(and hence kinetic-energy distribution) of par- 
ticles ejected from a surface from time-of- 
flight measurements by varying the delay time 
between the firing of the atomizing ion beam or 
laser pulse and the time of ionizing the parti- 
cles with the RIS lasers when using short (less 
than microsecond) ion or laser pulses. The 
yield can be optimized by adjustment of the de- 
lay between atomization and ionization. 


Semtconductor and Electro-opttes Applteation 


The semiconductor and electro-optics indus- 
tries are continually searching for solutions to 
the many analytical problems limiting progress 
in functional ability. The analysis of semicon- 
ductor and electro-optics materials by SIRIS has 
been shown in the past to be very useful to mea- 
sure accurate element contaminants in bulk ma- 
terials and/or devices; element compositions, 
including impurities and dopants as a function 
of depth and lateral position; studies of impur-~ 
ity and dopant concentration at interfaces; and 
investigations of thermal diffusion into sub- 
strates as a function of annealing tempera- 
ture.’"!7 Figure 5 shows as an example the neu- 
tral silicon and indium atom signals in a depth 
profile through a Au-Si0,-InP sample. The sam- 
ple was scanned over a 1 x 2mm? area with a DC 
ion beam to make the crater, and the data were 
taken with a 50um pulsed ion beam spot at the 
center. The signal has not been normalized, 
which shows the essentially identical response 
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to Si and In by the RIS process. The large In 
and Si signal is due to redeposition of In and 
Si from previous depth-profile measurements on 
the same sample. The In peak onthe SiO, surface 
shows the segregation process from the In through 
the SiO, surface. The exponential decrease of the 
Si signalin InP indicates the thermal diffusion 
of Si into InP substrate. The slope of this 
decay is a function of the annealing tempera- 
ture. More detailed studies of the diffusion 
process have been done for titanium diffusion 
into lithium niobate (Fig. 6). An absolute 
concentration calibration is normally achieved 
by a comparison of the SIRIS signal obtained 
from the analyzed sample with the signal ob- 
tained from a calibrated standard (i.e., NBS 
standard). The depth scale is calibrated by 
measurement of the depth of the rastered cra- 
ters with a Dektak profilometer. In an ongoing 
research program, impurities and concentration 
of dopants are studied in new semiconductors as 
a function of depth and lateral position with 
sensitivity in the sub-ppb range and lateral 
resolution down to 10 um, 

An important area of SIRIS applications in 
the semiconductor and electro-optics research 
and development community is the measurement of 
impurity concentrations at the ppt range with 
high accuracy in the new materials used to 
make single-crystal substrates, the substrates 
before processing, and the completed devices. 
Analysis of amorphous semiconductors is espe- 
cially important, as many of the present ana- 
lytical techniques sensitive to these levels 
depend on the crystalline nature of the sub- 
strate. The absolute calibration in the ppt 
range is difficult for some elements because of 
the unavailability of standards at the lowest 
levels. 

The SIRIS technique has several advantages 
when compared to other surface analysis tech- 
niques, such as SIMS and AES (Auger electron 
spectroscopy). Since the majority of sput- 
tered particles are ground-state neutrals, 
their effective ionization with RIS dramatical- 
ly reduces the matrix dependence of the detect- 
ed signal, in contrast to sputtered ions. The 
variation in SIRIS signal of a chosen element 
is small in different matrices (less than a 
factor of 4; Table 1) when compared to the SIMS 
signal variations (up to several orders of mag- 
nitude). This feature leads to significant 
improvement in quantitation. Because of the 
ultrahigh sensitivity of the SIRIS technique, 

a much higher dynamic range can be obtained, in 
(for example) depth profiles, as compared to 
both SIMS and AES. The high selectivity in the 
ionization process essentially eliminates iso- 
baric and molecular interferences, thereby 
enabling analyses that would only be possible 
for some cases with SIMS at very high mass res- 
olution (and consequently further reduced sen- 
sitivity). 


Btomedical Applieattons 


A significant portion of the RIS potential 
resides in its application to specific problems 
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FIG, 4,.--Schematic diagram of SIRIS and LARIS experimental arrangement. 


and analyses in medicine and biology. There 
are 15 trace elements known to be essential in 
human physiology?? (Table 2), whose deficiency 
has been related to numerous conditions or dis- 
orders, or whose presence is necessary to sus- 
tain metabclic functions. To achieve the re- 
quired detection limits, traditional methods 
require milliliter or larger sample volume. 

RIS can measure all these elements in samples 
of tens of microliters or less, and with consid- 
erably higher accuracy. Some of these elements 
are difficult or nearly impossible to assay with 
other techniques available at present, regard- 
less of sample size. For biological tissues or 
fluids, the sample is chemically ashed and de- 
posited on a pure substrate, such as 99.9999% 
pure gold foil. Quantitation is by the isotopes 
dilution method. Due to the samll sample size 
and very low analyte concentration (ppb level), 
frequently much less than a single monolayer of 
material is available on the substrate. There- 
fore, only the high efficiency of SIRIS makes 
these analyses possible. 

One example of the many potential biomedical 
applications of RIS is the investigation of the 
role of trace and ultratrace elements in micro- 
liter serum samples obtained from premature in- 
fants. Two important trace elements are copper 
and molybdenum. In these studies, copper was 
determined in serum samples as small as 30 yl 
at 180 ppb concentrations, with replicate pre- 
cisions of 5-10%. Typical isotope ratio accu- 


racies of 1-2%. with attendant errors of the 
mean of 0.25%, can also be achieved. Picogram- 
level sensitivity has been demonstrated for Mo 
in serum.’? Preliminary data for Mo in samples 
of <100 ul bovine serum reference material 
(RM 8419) yielded a concentration of 19 ppb,?? 
in good | agreement with the suggested value of 
16 ppb.** More recently chromium, another 
biologically important element, was measured at 
the 70 femtogram level from a biological sam- 
ple of a few milligrams.*° 

It is not only important to know the concen- 
tration of a particular element, but also the 
spatial distribution. In a current research 
program, SIRIS is adapted to provide structural 
imaging and quantitative element concentration 
imaging of biological tissue sections. Iron 
and aluminum concentrations are imaged in tis- 
sue sections from brains of Alzheimer's dis- 
ease victims and correlated with surface struc- 
ture visible in secondary-electron images from 
the identical location, and optical microscopy 
of adjacent stained sections (Fig. 7). In the 
future, RIS imaging of trace elements will help 
researchers answer fundamental questions such 
as the association of iron and aluminum concen- 
tration in certain parts of the brain with 
Alzheimer's disease. 


Geological Measurements 


The same characteristics that allow the 
SIRIS technique to solve new problems in the 
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TABLE 1.--Relative SIRIS response for silicon 
and boron in various matrices. 


Matrix Element Relative SIRIS Response 


Si Si 1.00 
Al Si 0.96 
PdSi9 28s4 0.96 
PdSi 30g 0.96 
TiSio Si 3.60 
GaAs Si 3.65 
Si B 1.00 
GaAs B On 77 
BPSG B 0.23 


semiconductor and biomedical fields are also of 
importance in the geosciences. Important in- 
formation on the age, thermal history, evolu- 
tion, and environment of terrestrial and extra- 
terrestrial rocks and minerals can be inferred 
from isotopic ratio measurements of key ele- 
ments. Frequently, the accuracy of these mea- 
surements is compromised by molecular or iso- 
baric interferences. Other important measure- 
ments would be to study the trace element con- 


FIG. 7.--Secondary electron image generated by 
rastering micro-ion beam over thin brain tis- 
sue section, resulting in resolution of 10 

um (1 division = 100 um). 


centration as a function of position on miner- 
als and at grain boundaries, where the transi- 
tion from one type of crystal to another 
occurs. The element specificity and reduced 
matrix effect of SIRIS will significantly en- 
hance these measurements. A third advantage is 
the generality of the RIS process. Most ele- 
ments in the periodic table are accessible with 
equal sensitivity, thereby allowing analysis 
for elements that were not possible before, 
i.e., Re and Os. 

To demonstrate the utility of SIRIS in the 
geosciences we have started spatially resolved 
microanalyses of Ca and Ti isotope ratios in 
hibonite, a mineral that is found both in ter- 
restrial and meteoritic samples. In these 
measurements calcium, which is much more abun- 
dant than titanium and is easier to ionize 
than titanium with conventional techniques, 
can cause interferences at *°Ti and *®Ti. Al- 
so, in cases where the Ti concentration is ap- 
proximately equal to the Ca concentration, dif- 
ficulties are encountered in the *°Ca and 
*8Ca measurements. The element specificity of 
the RIS process should essentially eliminate 
these problems. 


Cone lustons 


Resonance ionization spectroscopy has been 
shown to be a very sensitive and uniquely se- 
lective process that eliminates isobaric and 
other interferences. Its ultimate sensitivity 
reduces the sample size required for analysis 
by orders of magnitude with respect to other 
techniques. In combination with microbeam 
analysis, SIRIS is a powerful tool for studying 
the concentration and distribution of dopants 
and impurities in semiconductor materials, as 
well as the trace element distribution in bio- 
medical tissues. Continuing development of its 
applications will help researchers in the fu- 
ture to solve a variety of problems in fields 
as diverse as semiconductor and optical materi- 
als, biomedical and environmental sciences, and 
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TABLE 2,.--Trace elements essential in human physiology. 


Associated 


Metabolic Disorders/Functions 


Sickle cell disease, liver disease, gastrointestinal disorders, 


impaired wound healing, genetic disorders (acrodermatitis 


Diabetes mellitus, cardiovascular disease, impaired glucose 
Keshan disease (Se-responsive cardiomyopathy), atherosclerosis, 
Skeletal abnormalities, ultrastructural abnormalities, blood 


Enzymatic reactions, severe bifrontal headache, night blindness, 


Essentiality demonstrated for animals only --~ 


Depressed hematocrit, ultra~structural liver abnormality 
Depressed birth weight, impaired fertility, elevated hematocrits 
Aberrant connective tissue and bone metabolism, atherosclerosis, 


Cardiovascular disease, renal disease, kwashiorkor 


Essential 
Element 
Zn 
enteropathica) 
Cu Wilson's disease, Menkes disease, anemia 
Cr 
tolerance, elevated serum cholesterol 
Se 
muscular dystrophy, cystic fibrosis 
Mn 
cholesteral level 
Mo 
nausea, lethargy, disorientation, coma 
Co Part of vitamin B-12, interacts with iron 
I Hyperthroidism, cretanism 
Ni 
As 
Si 
hypertension, aging process 
Vv 
Cd, Pb, Sn Growth factor .... unknown 


geochemistry and cosmochemistry. 
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FURTHER DEVELOPMENTS IN INSTRUMENTATION FOR MICROPROBE X-RAY FLUORESCENCE ANALYSIS 


D. M. Golijanin, D. B. Wittry, and S. Sun 


Microprobe x-ray fluorescence analysis (MXRF) 
is a new technique for materials characteriza- 
tion that is highly sensitive for trace ele- 
ments; provides accurate quantitative elemental 
analysis in a small volume; and since it is es- 
sentially nondestructive, can be applied to a 
variety of volatile, insulating, and radiation- 
sensitive materials. 

There are at present three sources of mono- 
chromatic x-ray excitation suitable for use as 
an x-ray microprobe: (1) high-power x-ray 
tubes with collimators, (2) synchrotron radia- 
tion with focusing by mirrors, and (3) micro- 
focus x-ray tubes with focusing by doubly 
curved diffractors. 

In the first method, the monochromatic radi- 
ation is partially achieved by filtering, which 
improves S/B ratio at the expense of reduced 
total intensity, but does not remove background 
sufficiently. A small x-ray probe is obtained 
by collimation of the beam, which further re- 
duces the available intensity in the probe. In 
an x-ray tube, x rays are emitted into a 21- 
steradian hemisphere, whereas a collimator ac- 
cepts only a minuscule fraction of that solid 
angle, even if a close-coupling design is em- 
ployed. 

The second method of focusing the continuum 
("bending") radiation from a storage ring by an 
ellipsoidal mirror could be a good candidate 
for an x-ray microprobe. An appropriate mono- 
chromator must be used, since the synchrotron 
radiation is polychromatic. The x-ray optical 
elements as well as the final collimator or the 
pinhole significantly decrease the intensity in 
the x-ray probe. That is why the most attrac- 
tive feature of the synchrotron-based XRF--the 
high intensity--is lost. Other disadvantageous 
factors include very stringent tolerances in 
machining the x-ray mirrors (slope error less 
than 5 urad), instabilities due to the heating 
of x-ray optical elements, decay of the beam in 
the ring with time, and the inconvenience of 
having to conduct an experiment at a remote 
site and on a tight schedule.* 

Microprobe x-ray fluorescence analysis (MXRF) 
based on a laboratory excitation system uses a 
doubly curved crystal that also acts as a mono- 
chromating and a focusing x-ray optics element. 
One obtains the diffractor by cutting a thin 
cylindrically curved lamella from a block of 
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single crystal and by bending it plastically 
over a convex mold. The radius of the curved 
crystal planes in the horizontal plane (2R,) 

is twice the radius of the bent crystal 

lamella (Ri). The Johansson geometry is 
achieved not only in the horizontal plane but 
also in all radial planes, as can be seen when 
the Johansson configuration is rotated about a 
line passing through the source and the image. 
This dispersion arrangement provides exact 
three-~dimensional focusing of a point source to 
a point image for a selected x-ray line. The 
necessary requirements for point-to-point x-ray 
focusing are that the source, the crystal, and 
the image all lie on the focal circle of ra- 
dius R, (Rowland condition) and that the crys- 
tal surface conforms to the focal circle 

(Bragg condition). Both requirements are met 
in the Johansson geometry. 

The exact point-to-point focusing is 
achieved for one x-ray wavelength only. To ex- 
cite almost all the elements in the periodic 
table, three or four characteristic wavelengths 
and diffractors have to be used.? For several 
crystals with different d-spacing to focus 
different wavelengths from a fixed source posi- 
tion to a fixed image location, the 'parfocal" 
condition must be satisfied.3 

The clear advantage of doubly (toroidally) 
bent crystals over singly (cylindrically) 
curved crystals is not only a smaller x-ray im- 
age (point focus vs line focus), but also a 
much higher x-ray photon intensity in the spot, 
due to the use of a larger portion of the crys- 
tal's surface than is possible with singly 
curved crystals of either the Johann or the 
Johansson geometry. The latter advantage can 
also provide higher collection efficiency and 
peak-to-background ratio when doubly curved 
crystals are used in x-ray spectrometers or 
monochromators as discussed in the last section 
of this paper. 


Plastte Deformation of a Crystal by Slttp 


The plastic deformation of a crystal occurs 
by slip along certain planes (the slip plane) 
in a preferred crystallographic direction (the 
slip direction). The crystallographic slip 
system is specified by the slip direction and 
the slip plane. The available slip systems 
should be carefully examined so that the crys- 
tal can be oriented, if possible, in such a way 
as to achieve the most uniform deformation 
possible. 

The analysis of the case of single slip has 
been described by many authors, e.g., Johari 
and Thomas.* Their analysis indicates that the 
(135) pole is the most favorable stress direc- 
tion for single slip slip in a face centered 
cubic structure which has the (111) <110> slip 
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system. However, single slip is not sufficient 
to form a doubly curved crystal, and it is more 
difficult to determine the optimum orientation 
of the crystal for deformation with the least 
distortion. For obtaining toroidally curved 
crystal planes, crystals should be oriented if 
possible so that the slip occurs most readily 
in a direction corresponding to the direction 
of least stress. An alternative criterion would 
be to use an orientation such that the crystal 
is symmetric about the direction parallel tothe 
plane of the focal circle. In our most recent 
experiments, we have used the latter criterion. 


Ge Crystal Diffractor 


Our first choice of a crystal diffractor ma- 
terial was single-crystal germanium, which has 
a large atomic scattering factor at large (sin 
6)/A. The Bragg angle for a Cu Ka (333) re- 
flection is almost 45° (44.91°). This angle is 
found to be very convenient because a general 
case of toroidal bending could be well approxi- 
mated” by bending over a spherical mold that 
can be more easily machined. Germanium has di- 
amond cubic structure and deforms like other 
face-centered cubic crystals with a slip system 
consisting of {111} slip planes and <110> slip 
directions. A thin germanium lamella was cut 
parallel to {111} planes and it was hoped that 
a slip which occurs on these planes would yield 
a satisfactory plastic deformation at an ele- 
vated temperature. Since a starting block of 
germanium was intended for use in the electron- 
ic industry, it was hoped that its high purity 
and crystallographic perfection would make this 
crystal particularly suitable for fabricating a 
high-efficiency diffractor. 


The mechanical properties of germanium single 


erystal are such that it could be easily cut, 
ground, polished, and obtained in the form of 
thin lamellae. The ratio of crystal thickness 
to the radii of curvature of the bent crystals 
is empirically found typically not to exceed 
1073. Our successfully bent lamellae had a ra- 
ti0/;of-2.5-35 * 107": 

The experimental results with germanium have 
shown® that the focus consisted of highly in- 
tense central spot about 100 um in diameter and 
a halo extending over a larger area. The x-ray 
photon intensity in the focal spot was measured 
and found to be about two orders of magnitude 
less than expected from calculations.’>°® Part 
of the discrepancy was due to changes in the 
x-ray source intensity due to pitting or con- 
tamination of the target in the x-ray source. 
The remaining discrepancy was attributed to a 
number of factors, some of which could be cor- 
rected by more precise crystal and mold prepar- 
ation; but the most important factor, namely 
the imperfect bending of the crystal, requires 
further consideration. 

In germanium, the dislocations created by 
deformation during bending lined up in arrays 
that formed various structures. Optical mi- 
croscopy on etched {111} surfaces of the bent 
crystal's faces showed arrays of dislocation 
etch pits near the edges of the crystal which 


were aligned exactly with the traces of the 
{111} slip planes and not along the plane 
normals as would be the case for normal poly- 
gonization.’ 

Polygonization has unfortunately been con- 
founded in some of the literature on fabrica- 
tion of curved crystal diffractors with the 
growth of coarse grains due to annealing after 
deformation, We believe this is an incorrect 
use of the term polygonization. True polygon- 
ization results from the climb of dislocations 
into walls normal to the slip plane to form a 
low-energy array or substructure. This array 
of dislocations is essential to allow for 
curvature in a bent crystal. It results in an 
increase in the width of the rocking curve of 
the crystal but is not a serious limitation 
for the fabrication of singly or doubly curved 
crystal diffractors if the subgrains or blocks 
are sufficiently small. The block size was 
reported by Vogel’ to be about 1073 cm in ger- 
manium crystals bent to a radius of 5 cm at 
800 C. 

The absence of a polygonized structure in 
bent crystals of silicon has been attributed 
by Vogel® to the formation of immobile Lomer- 
Cottrell barriers. Lomer-Cottrell barriers 
are formed due to slip on two intersecting 
slip systems (e.g., {111} <10I> and {111} 
<101>) when the partials form a new disloca- 
tion (e.g., [110]) whose Burgers vector does 
not lie in a plane of easy glide and is there- 
fore sessile. In the present case, the possi- 
bility of easy motion of some of the disloca- 
tions and resulting slip bands, combined with 
the more difficult motion of the sessile dis- 
locations, is thought to be the principal 
cause of undesirable distortion of the crystal 
planes in the doubly curved crystals of ger- 
manium we have studied. 


LiF Crystal Dtffractor 


As noted, three or four crystals diffracting 
the appropriate x-ray wavelengths should be 
sufficient to excite almost all the chemical 
elements. For studying biological elements, 
for example, it is important to excite effi- 
ciently elements of biological importance: Na, 
Mg, Al, Si, P, S, Cl, K, and Ca. This goal is 
most readily reached by use of the appropriate 
characteristic x-ray radiation to form an x-ray 
microprobe. The efficiency of exciting an ele- 
ment in a thin specimen is directly propor- 
tional to the mass absorption coefficient of 
the element for the exciting radiation. All 
elements Na through Ca in the periodic table 
are excited by Ti Ka radiation and this is the 
most generally useful radiation for a wide 
variety of biological specimens (for example, 
Ca is excited 4.9 times more efficiently by 
Ti Ka radiation than it is by Cu Ka radiation). 

It is very easy to change the target in our 
x-ray source. Focusing of Ti Ka radiation re- 
quires in addition either a different diffrac- 
tor geometry, a different diffractor material, 
or both. Ge or Si crystals would provide a 
geometry that can be fabricated as readily for 
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Ti Ka radiation as for Cu Ka ratidation if the 
111) reflection is used instead of the (333) 
reflection, since the Bragg angle would still 
be close to 45° and the same slip planes would 
be involved. However, other crystals could be 
used, for example LiF, which has a Bragg angle 
of almost 43° for the (200) reflection of Ti Ka 
radiation. It is well known that LiF can be 
easily bent plastically and that it has a high 
reflection efficiency. However, it is a mosaic 
crystal and may not produce as accurate a focus 
due to the greater width of the rocking curve. 
But it may be possible that a mosaic crystal 
could be more readily deformed to a double 
curvature than a highly perfect crystal such as 
Ge, for the reasons discussed in the foregoing 
section. If the width of the rocking curve 
after bending is not greater than 1.3 x 1073 
radian, the crystal would still be usable to 
form x-ray microprobes of high intensity and 
focal spot diameters of the order of 100 um. 
In addition, the possibility of obtaining a 
doubly curved crystal with minimum deviation 
from the desired geometry should be enhanced by 
the fact that LiF has two slip systems; at low 
temperature only the {110} <110> is activated, 
whereas at higher temperature the {100} <110> 
system is also activated. ® 

Since the Bragg angle for (200) reflection 
of Ti Ka from LiF is not exactly 45°, the crys- 
tal's surface has to be bent toroidally. The 
convex mold over which thin crystal lamellae 
were bent had to be machined to a toroidal sur- 
face with radii of curvature R; = 51.8 mm and 
R, = 48.6 mm. Single-point machining and ran- 
domized polishing with a cylindrical hollow 
tool used in making of the spherical molds (Ge 
and (333) Cu Ka reflection) could not be used 
for toroidal molds. The milling-drilling ma- 
chine located in our laboratory was modified by 
the addition of a motorized rotary table and a 
motorized spin-indexing fixture which holds the 
work piece; they provided for rotation about 
two perpendicular axes which could be set with 
the necessary distance between them. The work 
piece is advanced toward a motorized grinding 
wheel assembly, which is mounted on the quill 
of the milling-drilling machine, by use of the 
translation motion of the x-y table. With the 
use of coarse wheels for grinding, finer wheels 
for polishing, and a Teflon disk with graded 
series of diamond pastes for a final mirror 
finish, an almost scratch-free toroidal surface 
was obtained. The fixture for grinding and 
polishing the molds is shown in Fig. 1, with a 
Teflon wheel in place for the final polishing 
operation. 

Cutting and polishing of the LiF crystal 
lamellae also proved to be different from Ge: 
thin lamellae of LiF turned out to be more 
brittle than Ge for the same thickness. But 
the thicker lamellae of LiF (e.g., 250 um) did 
not bend as readily at the temperatures used 
(~500 C) as the thinner Ge lamellae did at 700 
C. In addition, we were attempting to fabri- 
cate larger crystals than we had previously 
done with Ge, which caused further problems 
with crystal breakage and with distortion of 


FIG. 1.--Modified milling-drilling machine for 
machine for making toroids, showing work piece 
W, motor M that drives grinding wheel or pol- 
ishing disk, motor Ml that drives work piece 
holder, motor M2 that drives rotary table, 
control C that sets depth of cut during grind- 
ing, and switch boxes S for controlling the 
three motors. 


FIG. 2.--Fabrication of doubly-curved crystal 
diffractors, showing (a) crystal and metal 
backing plate after patterning, (b) crystal 
and backing plate in position on the mold for 
bending, and (c) completed diffractor assembly. 


the crystal planes from the desired geometry. 
Our attempt to resolve these problems has re- 
sulted in the following procedure (Fig 2). 

Before the crystal is ground to its final 
thickness, a metallic backing is attached to 
the convex side of the crystal with a high- 
melting-point cement. Next, the crystal is 
polished to the final thickness and the crystal 
and backing are patterned by etching so that 
slots of suitable shape are formed in the di- 
rection parallel to the focal circle (Fig. 2a). 
The crystal and ductile metal backing are then 
formed over the convex mold at elevated temper- 
ature by application of a uniform pressure 
(Fig. 2b). Finally, the metal backing is 
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FIG. 3.--Miniature scanning x-ray monochromator 
with doubly curved crystal. 


cemented to a rigid holder to form the con- 
pleted diffractor assembly (Fig. 2c). 


Fixed and Seanning Monochromators 


The technology of toroidally curved crystals 
that has been developed for the fabrication of 
diffractors for MXRF has applications to im- 
proved x-ray monochromators for the measure- 
ment of characteristic x-ray line intensities. 
Two possibilities are currently being investi- 
gated; both take advantage of the high collec- 
tion efficiency of doubly curved crystals. The 
first possibility is the use of a doubly curved 
crystal of a particular geometry in a scanning 
monochromator; the second, the use of toroidal- 
ly curved crystals for a fixed monochromator to 
detect a particular characteristic x-ray line. 

It has been shown by Wittry*® that a crystal 
with spherically curved crystal planes and a 
toroidally curved surface can provide higher 
x-ray collection efficiency than a singly 
curved crystal over a wide range of Bragg an- 
gles. The use of small radii of curvature for 
the crystal provides even greater collection 
efficiency when crystals of reasonable size are 
used. Such a miniature x-ray spectrometer, 
shown in Fig. 3, has applications in a variety 
of electron-beam instruments such as scanning 
electron microscopes, scanning Auger micro- 
probes, and transmission electron microscopes, 
as well as in the detection of characteristic 
x rays in MXRF. Development of crystals suit- 
able for use in such scanning x-ray monochroma- 
tors is currently in progress at USC, partly in 
conjunction with a project at Lehigh University 


that is concerned with the development of a min- 


iature scanning monochromator for use with a 
field emission scanning transmission electron 
microscope.?? 

The use of toroidally curved crystals in a 
fixed x-ray monochromator has applications to 
specific problems that require very low detec- 
tion limits and high spatial resolution. An 
example is the detection of calcium in biologi- 
cal specimens, which has been typically done in 
TEM instruments with an energy-dispersive x-ray 


high concentrations of potassium, since the Ka 
line of potassium differs in energy from the 
Ka line of calcium by only 101 eV. A crystal 
is being developed at USC for use in a fixed 
monochromator for detection of Ca Ka radia~ 
tion. This work is being done in collabora- 
tion with John McD. Tormey of the University 
of California at Los Angeles and is based on 
the use of a JEOL 100CX. This instrument has 
the appropriate geometry for incorporation of 
the Ca monochromator without any substantial 
modifications. 

The calcium monochromator configuration is 
shown in Fig. 4. It is based on the use of a 
LiF crystal employing the (111) reflection for 
which the Bragg angle is 46.37°. The crystal 
accepts x rays in the direction opposite to 
that of the incident electron beam, which has 
the advantage that the x-ray continuum from 
thin specimens is minimized. The radius of 
the focal circle is 72.7 mm, and the x-ray de- 
tector is located outside the instrument and 
receives the diffracted x-rays via an existing 
port at the front of the electron microscope. 
It is planned to use either a flow-proportional 
counter or a Peltier-cooled silicon detector. 
The solid angle subtended by the crystal at the 
specimen is 0.072 sterad, which is comparable 
to the solid angle that has been used for EDS 
systems. However, this angle could be some- 
what increased if the anticontamination trap 
were redesigned. 

Even with no increase in solid angle and al- 
lowing for less than 100% efficiency of the 
crystal, a significant improvement in the sta- 
tistics for the analysis is possible. For ex- 
ample, if the crystal efficiency were 33%, and 
the reduction in background due to improved 
resolution is approximately a factor of 20, 
the detection limits would be lower than mea- 
surements by EDS by a factor of about 1.5. 

But the improvement in practice can be much 
greater than that for three reasons: (1) the 
x-ray continuum from a thin specimen has its 
minimum value in the direction opposite to the 
incident electron beam, (2) stray background 
due to scattering from the walls of the in- 
strument is lower than for EDS because the 
crystal monochromator accepts radiation only 
from a small region that lies on the focal 
circle, and (3) the contribution to the back- 


FIG. 4.--X-ray monochromator for detecting cal- 


Cium Ko radiation in JEOL 100CX transmission 
electron microscope. 


spectrometer. In this case, the detection lim- 
its are adversely affected by the presence of 
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ground from the potassium KB peak can be com- 
pletely eliminated. Thus, the use of a crystal 
monochromator for the study of calcium in bio- 
logical specimens would provide shorter mea- 
surement times for the same detection limits, 
or lower detection limits or smaller analysis 
volumes with the same measurement time. 
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X-RAY MICROSCOPY WITH THE USE OF SYNCHROTRON RADIATION 


K. W. Jones, B. M. Gordon, A. L. Hanson, J. G. Pounds, M. L. Rivers, 
George Schidlovsky, J. V. Smith, Per Spanne, and S. R. Sutton 


Present accomplishments in high-energy x-ray 
microscopy have been reviewed recently.* It 
was pointed out that the x-ray microscope (XRM) 
is capable of making determinations of trace 
elements approaching femtogram sensitivity with 
lateral resolution of 10 um or less. Hence, 
the XRM in its present state of development is 
becoming an analytical tool that can be used 
effectively in many ways. On the other hand, 
there are still many ways in which the XRM can 
be improved and extended in its areas of appli- 
cability. In particular, a combination of ap- 
proaches that make it feasible to do chemical 
speciation of trace elements on a micrometer 
scale with the XRM will result in a chemical- 
speciation x-ray microscope (CSXRM) that will 
greatly extend analytical capabilities in the 
chemical sciences. 

The system for x-ray microscopy now being 
developed at the X-26 beam line of the Brook- 
haven National Synchrotron Light Source (NSLS) 
is described here, Examples of the use of 
x-ray microscopy for trace element geochemistry, 
biology and medicine, and materials investiga- 
tions are given to emphasize the scientific ap- 
plications of the technique. Future directions 
for the improvement and further development of 
the X-26 microscope and of x-ray microscopy in 
general are discussed. 


Desertptton of the NSLS X26 XRM 


The X26 XRM is representative of the first- 
generation instruments developed at several 
laboratories. It is based on the use of the 
continuous x-ray spectrum produced by the 
2.5GeV electron-storage ring of the National 
Synchrotron Light Source (NSLS, The XRM is 
used on two different beam lines at locations 
which are 20 m and 9 m from the x-ray source. 
Spatial resolution is obtained either by direct 
collimation of the beam alone or with focusing 
after the collimator. Beam sizes in either 
mode of operation have been as small as 5 um. 

The x-ray flux at energies above 5 keV is 
about 3 x 107 photons/ (ym? s) at a storage- 
ring current of 100 mA at the 20m location and 
a factor of 5 higher at the 9m station. The 
flux at the two locations is increased by the 
use of focusing mirrors that produce an image 
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of the x-ray source at the XRM. Use of mirrors 
increases the flux by about 100-500, depending 
on the beam line. The focused image size at 
unity magnification is about 250 x 750 um in 
the horizontal and vertical directions, respec- 
tively, at the 2o width. 

The flux per unit energy interval is a max- 
imum at low energies and begins to drop very 
sharply at energies above 15 keV. Despite the 
decrease with energy, there is sufficient flux 
to make measurements on elements as heavy as 
lead. Naturally, the trace element sensitiv- 
ity for a given spatial resolution is less at 
the higher energies. 

The most sensitive region for trace-element 
determinations by energy-dispersive detection 
of the K-shell photons is from about iron to 
molybdenum. Absolute minimum detection limits 
of a few femtograms have been achieved." 


Setenttfie Uses of the XRM 


The XRM in its present state of development 
represents a substantial improvement in sev- 
eral ways over the now traditional methods of 
electron microscopy with energy- or wavelength- 
dispersive fluorescent x-ray detection and 
over the ion microprobe. That is not to say 
that the older methods are obsolete, but that 
improved approaches are possible for several 
types of determinations that make it feasible 
to characterize or investigate substances of 
interest more completely. 

XRM is being introduced into general scien- 
tific applications because of the close inter- 
action among scientists in various disciplines 
cooperating on a project of common interest. 
For best results the developers of the XRM 
need broad scientific skills that will enable 
them to pick out scientific areas that can 
benefit from the XRM and then to play a lead- 
ership role in the implementation of specific 
experiments, 

This has been the model used for the work 
on the BNL XRM. Specific examples taken from 
work in progress at the XRM are displayed here 
to illustrate this point. 


Trace-element Geochemtstry Experiments 


In trace-element geochemistry work measure- 
ment of concentrations of the rare earth ele- 
ments (REE) is difficult when detection of 
their L x rays is used because of interfer- 
ences with the K x rays emitted by lighter 
elements. The problem is simplified when it is 
possible to use K x rays. The interpretation 
of the REE concentrations is an important ap- 
proach to the understanding of the formation 
and evolution of the Earth's crust. The use 
of the XRM can, in principle, be of importance 


191 


3 AG TG 2025 
X-ray Energy (heV) 


30 35)«-40 «45 C50 55 


10° Fe T 
Ca 
10" ; 
Ti f 
srr iii 
Ar i 
Mr |! Nd Zn Ge Sr 
' K Ti \ Kol \cu Sa a 
ie WN ey 
ii 
id ! 


QO 2 4 6 8 10 ie 14 #16 18 2b 


X-ray Energy (KeV) 


FIG, 1.--Spectrum for NIST Standard Reference 
Material No. 612, which contains REE at 50ppm 
level. 

FIG, 2.--Spectrum obtained from polished sec- 
tion of coal taken from Lee Ranch Mine in San 
Juan Basin region of New Mexico. 


in this area of research since the extent of 
the synchrotron white light spectrum makes it 
feasible to observe K x rays from all rare 
earths. 

As an example of performance, a spectrum ob- 
tained from the National Institutes of Science 
and Technology (NIST) Standard Reference Mate- 
rial No. 612 which contains REE at the 50ppm 
level is shown in Fig. 1. The spatial resolu- 
tion was 55 x 55 um. The total photon flux in- 
cident on the sample was 2 x 10° photons/ 

(um? s) above 30 keV energy at a storage-ring 
current of 68 mA, Approximate minimum detec- 
tion limits of 50 ppm could be obtained under 
these conditions. This performance is useful 
for many experiments; for example, Chen, Chao, 
Minkin, and Back have obtained preliminary re- 
sults from examination of Chinese ores contain- 
ing REE from the Bayan Obo deposits.? A gener- 
al examination of the use of synchrotron radia- 
tion for REE work has also been reported.# 

Other recent experiments have utilized the 
XRM for study of trace-element distributions in 
coal.*»° Trace elements in coal are used as 
markers that can indicate how the coal was 
formed and to understand the processes by 
which sedimentary basins are formed. A spec- 
trum obtained from a coal taken in the San 
Juan basin in New Mexico is shown in Fig. 2. 
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FIG, 3.--Scan across shaft of thin section of 
bone from tibias of two rats showing change in 
the Ga concentration relative to that of Ca 
for two different treatments with Ga(NO;);: 
endosteum (left) and periosteum (right). 


Samples taken at various depths in the seam 
were analyzed and the variation of the trace 
elements with depth was deduced. The results 
will be interpreted in terms of several models 
for fluid flow through the sedimentary basin 
in which the coal lies. 


Biomedical Experiments 


Mapping of trace element concentrations in 
bone is well suited to the XRM. The relative- 
ly high-Z matrix makes work with the SEM im- 
possible for low-concentration measurements. 
However, the XRM is easily able to cope with 
values at the ppm level with good sensitivity. 
Two specific applicaitons are mentioned here: 
the study of metals used in cancer therapy and 
the study of toxic elements, notably lead. 

The therapeutic agent Ga(NO;), is being 
used to stop bone resorption in hypercalcemia 
brought on by several types of bone cancer. 
The mechanisms by which it acts are not known. 
Determination of the distribution and concen- 
tration in bone is necessary to improve the 
treatment protocols and to find optimum treat- 
ment modes. An initial investigation of the 
distribution of Gallium in the rat tibia fol- 
lowing administration of Ga(NO;), was carried 
out at the XRM.° This work showed that the 
gallium concentrated in regions of the bone 
that were metabolically active and that the 
concentrations in the bone depend on the 
amounts of gallium administered. Later work 
is investigating the effects of hormone thera- 
py administered in conjunction with the gal- 
lium nitrate. A scan across the diaphysis of 
rat tibia from periosteum to endosteum showing 
the concentration of gallium relative to that 
of calcium is displayed in Fig. 3. The form 
of the distribution is affected by the proto- 
col used for the treatment. Systematic inves- 


FIG, 4.--Thin section of bone taken from human tibia: circular structure is an osteon and asso- 


ciated Haversian Canal. 
approximately 500 um. 
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FIG. 5.--Scan across specimen of Fig. 4 showing 
increase of Pb relative to Ca at periosteum 
and at edges of osteon for thin sections of rat 
tibia from vitamin D-deficient rats treated 


with Ga(NO3) 3 


tigation of the gallium concentration will give 
a better understanding of the pharmacokinetics 
of the treatment. 

Measurements in bone of the toxic element 
lead are of great importance for improved un- 
derstanding of the mechanisms by which the lead 
can affect the nervous and other body systems. 
The biological lifetime of lead in bone is of 
the order of decades, so that it can also be 
an excellent long-term indicator of time-inte- 
grated lead exposure. The latter point has 
stimulated interest in the in vivo determina- 
tion of the lead in bone by K or L x-ray fluo- 
rescence methods. 

Accurate mapping of the lead distribution in 
the bone is required not only for the under- 
standing of the basic biological mechanisms, 


Left edge of section is periosteum. 


Total distance across specimen is 


but also for the interpretation of the results 
of in vivo measurements. For this reason, a 
program to measure the lead in thin sections 
of human tibia has been undertaken. The 
structure of a thin section of bone near the 
periosteum is shown in Fig. 4. The particular 
feature of interest in this case is the circu- 
lar osteon and Haversian canal. The XRM was 
used to measure the lead levels from the perio- 
steum to the Haversian canal with a spatial 
resolution of better than 60 um. The concen- 
tration of lead relative to calcium is shown 
in Fig. 5 for a scan from periosteum through 
the osteon. The values obtained depend 
strongly on the region of bone measured and 
the concentration changes across the osteon. 
Systematic work to look at different stages of 
the osteon lifetime and different levels of 
lead exposure is necessary and is being under- 
taken. 

An example of a possible application of the 
high-energy x rays is the in vivo determina- 
tion of lead in the human tibia. A typical 
instrument developed at Brookhaven’ and used 
for clinical measurements® uses a radioactive 
source, *°°Cd, to produce lead K x rays. The 
flux at the tibia from a 100mCi Cd source 
placed 4 cm from the bone and emitting into an 
angular range of +10°, corresponding to a 
solid angle of 0.096 sr, is 6 x 10° photons/ 
(cm? s). In contrast, the flux in a lkeV band 
of synchrotron radiation at 88keV Cd photon 
energy is 6 x 107 photons/(cm? s) for a wig- 
gler source at a ring current of 100 mA. The 
synchrotron XRM can therefore have useful and 
novel applications for clinical research em- 
ploying both the high-energy and low-energy 
ends of the synchrotron spectrum to produce 
K- and L-shell vacancies in lead, respective- 


ly. 


193 


F 
? 
t 


00 | crresreectetmecttnees fe, | Sulfur K binding energy 


-01 
2450 2460 2470 2480 2490 2500 
X-ray Energy (eV) 


FIG, 6.--Typical EXAFS spectrum for MoS, and 
FeS, showing effects of chemical structures. 


Experiments in the Chemical Setences 


There are many applications for microanaly- 
sis in the energy-related chemical sciences. 
Chemical methods used to treat coal or oil pri- 
or to combustion relay on use of catalysts to 
improve combustion properties and to remove en- 
vironmentally damaging components such as sul- 
fur. Some initial measurements have begun on 
these topics employing the multielemental de- 
tection capability of the XRM. However, the 
use of chemical speciation and structure mea- 
surements by means of the x-ray absorption near 
edge spectroscopy (XANES) or extended x-ray ab- 
sorption fine structure (EXAFS) methods using 
the XRM will be of equal or even greater impor- 
tance for microchemical work. 

Examples of conventional EXAFS spectra are 
given in Fig. 6, which shows the results ob- 
tained on the NSLS X19 EXAFS beam line for 
MoS, and FeS, taken by a point-by-point scan 
through the energy region at the sulfur K ab- 
sorption edge, The time for a single scan was 
around 15 min with a 4 x 15mm beam. 

It can be seen that major changes will be 
necessary to the apparatus to make it feasible 
to operate with spatial resolutions on the or- 
der of 10-20 um. One approach that is useful 
has been put into operation by Fontaine et al.° 
at the Laboratoire d'Utilisation du Rayonnement 
Electromagnetique (LURE). They used an optical 
arrangement which gave a focused x-ray beam at 
the sample, but with an angular dispersion de- 
pendent on the energy of the x ray. A posi- 
tion-sensitive detector then made it possible 
to collect a complete spectrum in a matter of 
milliseconds. They were successful in studying 
a time-resolved chemcial reaction. The focused 
beam makes it possible to study areas of 400 um 
in diameter. 

At the NSLS on X26, use of a 4-crystal sili- 
con monochromator and detection of fluorescent 
x rays will give resolutions for XANES at a 
spatial resolution of better than 50 yum and 


FIG, 7,.--Microtomogram of ceramic with void. 
Pixel size was 10 x 10 ym; tomogram is 311 x 
311 pixels. 


detection limits of 10 ppm. 

Future work that makes it possible to do 
EXAFS and XANES at the micrometer resolution 
level on the millisecond scale will be of 
great importance. The sensitivity of the de- 
vice should be such that it can detect ele- 
ments at the trace level, which implies that 
it will be necessary for it to operate with 
high-efficiency detection of the fluorescent 
x rays. 


Experiments in Materials Setences 


A pilot study is now going on to measure 
the location of small voids in ceramic materi- 
als by computed microtomography (CMT).*° A 
very simple apparatus is used.** A pencil 
beam is defined by appropriate collimation and 
the sample is then translated through the beam 
for a set of different angular positions. The 
number of transmitted photons is measured with 
a CsI(T1) photon detector operated in current 
mode. 

In the first work that was done the colli- 
mator produced a beam that was 15 wm wide in 
the horizontal dimension and 20 um tall in the 
vertical dimension. The first images were of 
test samples of silicon carbide with a small 
hole drilled in them at various places in dif- 
ferent samples. It was possible to find voids 
down to about 10-20 um in diameter in samples 
that were about 2-3 mm thick. An image recon- 
structed from the scans is shown in Fig. 7. 
The 250um-diameter artificial void can be seen 
at the center of the picture, as can several 
smaller natural voids close to the edges of 
the scan. This demonstration shows that CMT 
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can be used for nondestructive analysis of 
ceramics. 


Future Directions in X-ray Microscopy 


In the brief examples of experiments in var- 
ious scientific fields given above we note that 
the XRM in its present form can already be used 
for many new types of experiments that are not 
otherwise feasible. It is pleasing to be able 
to say that there are still many ways in which 
the XRM can be improved in the future. 

Some of the work that needs to be done is 
quite obvious. We must certainly optimize the 
use of all the photons in the beam by using de- 
tection systems of maximum efficiency. In- 
proved energy-dispersive systems that can han- 
dle higher counting rates will be helpful. 
Wavelength-dispersive spectrometers with posi- 
tion-sensitive detectors will help to give bet- 
ter detection limits. Further application of 
the CMI method and use of coded apertures may 
help to increase the data-taking efficiency and 
help to relieve the demands on x-ray otpics and 
collimators imposed by the need to improve spa- 
tial resolutions. 

For the most part these are developments 
that are aimed at improving the techniques for 
trace-element determinations. A change that 
seems to be taking place in the field now is 
the recognition that XRM must not be defined in 
a narrow sense of trace-element detection or 
even of measurement of density differences as 
in CMT in the transmission mode, Rather it 
should be recognized that the XRM will evolve 
in a way similar to the SEM or to the use of 
various techniques for surface analysis that 
co-exist in a single experimental station. 
Thus, in a similar way, the XRM of the future 
will be able to image a material or chemical 
substance in a variety of independent modes 
that combine transmission and fluorescence mea- 
surements with simultaneous ability to look at 
the chemical and other parameters of the mate- 
rial through EXAFS, XANES, Auger electron spec- 
troscopy (AE), X-ray photoelectron spectroscopy 
(XPS), X-ray diffraction (XRD), and electron 
microscopy that is an obvious direction, since 
all these techniques are now used at synchro- 
trons, but generally independently on different 
beam lines. A judicious combination of these 
methods in a single XRM instrument is a logical 
next step that should go on in parallel with 
the other developments of the fluorescence ap- 
proach. 

These thoughts naturally suggest that the 
addition of other complementary analytical 
methods could also be considered. The use of 
low- and high-energy ion beams for surface 
analysis and isotopic determinations would be 
logical. Present-day ion-beam equipment is 
reasonably small and does not preclude instal- 
lation on a typical synchrotron beam line. 

New synchrotron radiation sources that are 
now under construction will have a major impact 
on the XRM when they start operation about 5-7 
years from now. An example of such a new fa- 
cility is the 7GeV machine now under construc- 


tion at Argonne National Laboratory and the 
similar machine being built at the European 
Synchrotron Radiation Facility at Grenoble. 
The use of an undulator-type insertion device 
will do the same at high energies. 
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MATERIALS ANALYSIS WITH NUCLEAR MICROPROBES: SUPERCONDUCTORS AND BURIED CONDUCTORS 


J. C. Barbour and B. L. Doyle 


Nuclear microprobe analysis (NMA) is a unique 
form of microbeam analysis in that it combines 
high lateral resolution with the high depth 
resolution techniques of conventional ion beam 
analysis (IBA) for nondestructive determination 
of sample composition in three dimensions. By 
use of depth-sensitive IBA techniques such as 
Rutherford backscattering spectrometry (RBS), 
enhanced backscattering spectrometry (EBS), or 
elastic recoil detection (ERD), NMA finds its 
greatest utility in analyses requiring the fol- 
lowing information: (1) 1-100ppm sensitivity, 
(2) nondestructive three-dimensional depth pro- 
filing, and (3) quantitative light element 
analysis (e.g., the first two rows of the peri- 
odic table). This paper demonstrates the con- 
tinuing evolution of NMA capabilities through 
two examples. First, the unique capabilities 
afforded NMA are shown in a simple yet accurate 
method to measure both oxygen and metal atom 
concentrations in Y-Ba-Cu-O alloys with micro- 
area ion-beam analysis. Second, a NMA of bur- 
ied tungsten lines in a silicon wafer demon- 
strates the complementary nature of information 
determined by NMA and scanning electron micros-~ 
copy (SEM). 


Sandia Nuclear Mteroprobe 


The Sandia nuclear microprobe’’? is one of 
five beam lines attached to an EN tandem Van de 
Graaff accelerator. This accelerator is used 
to obtain high-energy ion beams which are fo- 
cused onto object slits set at 25 x 3 um (hori- 
zontal x vertical). The beam is then defined 
by an aperture slit (1 x 1 mm), which is up- 
stream from a small magnetic hexapole lens. A 
magnetic quadrupole doublet lens, which can 
steer the beam electrostatically as well as fo- 
cus it magnetically, is positioned immediately 
after the hexapole lens. This quadrupole doub- 
let lens is used for final focusing of the beam 
onto the target. The target chamber is kept 
at high vacuum (<107° Torr) and contains a sec- 
ondary-electron detector used for imaging the 
sample surface, an annular particle detector 
used for RBS and EBS, and a Si(Li) detector 
used for particle-induced x-ray emission (PIXE, 
when proton beams are used; or HIXE, for He 
beams). The distance between the doublet lens 
and the target can be as small as 5 cm, which 
results in a horizontal demagnification of 1/25 


The authors are at the Sandia National Labo- 
ratories, Albuquerque, NM 87185. The work was 
supported by the U.S. Department of Energy under 
Contract DE-ACO4-76DP00789. The authors thank 
J. A. Knapp, N. D. Wing, T. L. Aselage, and 
R. S. Blewer for their assistance in this 
work. 


and a vertical demagnification of 1/3. These 
optics should define a lum-diameter spot on 
target; typically a 1-2ym-diameter spot is ob- 
tained, The operational portion of the nucle- 
ar microprobe, from the object slits to the 
target chamber, is 1.5 m long. 

The focusing procedure for the nuclear mi- 
croprobe has been described in detail previ- 
ously* and therefore only a brief description 
is given here. The object and aperture slits 
are opened to allow a broad beam to illuminate 
the hexapole and quadrupole lenses, and the 
beam is imaged on a fluorescing glass slide in 
the target chamber. The initial image (100- 
300 um on a side) is an 8-pointed star defined 
by the eight polepieces of the doublet lens. 
Aberrations in the lens system are removed by 
adjustment of the quadrupole lens to form a 
symmetric star pattern such that the principal 
focal planes of two singlets are exactly 90° 
apart. The aperture slits are inserted to de- 
fine a smaller spot from just the center por- 
tion of the beam and the quadrupole is used to 
focus the beam to a spot ~50 um on a side. At 
this point, aberrations from the quadrupole 
lens, which may cause the spot to appear as a 
trapezoid, are removed by adjustment of the 
hexapole lens to obtain a rectangular spot. 
The quadrupole lens can then be readjusted for 
optimum focus. The object slits are partially 
closed until the image (at optimum focus) be- 
comes a dim circular spot. (An iterative ad- 
justment of the quadrupole and hexapole lenses 
are usually required during this step.) A 
computer-controlled scanning system is used to 
raster the beam over a 400 mesh (25um-wide 
holes) Cu TEM grid and the secondary electron 
image of this grid is observed on an oscillo- 
scope. The final focus is obtained by adjust- 
ment of the quadrupole and the object slits to 
optimize the clarity of the secondary-electron 
image. 

Computer-assisted data collection and reduc- 
tion are essential for NMA in order to process 
the vast amount of information gathered, and 
because of the complexity of some of the tech- 
niques. A typical data-acquisition system col- 
lects data in the foloowing forms: yield 
(counts from an SCA) vs X and Y position, use- 
ful for imaging secondary electrons and for 
producing single-element maps with RBS, NRA, or 
PIXE; yield vs event energy (E) and position, 
useful for line scans; and yield vs E, X, and 
Y, useful for mapping multiple elements with 
PIXE and NRA, or for three-dimensional profil- 
ing with RBS, ERD, or EBS. 
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Y-Ba-Cu-O ALLOY, MIXED PHASES, 123 AND 211 
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FIG, 1,.~-Both RBS and HIXE were used to obtain elemental maps of Y-Ba-Cu-0O alloy. 
HIXE maps is such that dark region represents high intensity of x rays. 
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Superconductors 


The dependence of superconductivity on the 
oxygen content in high-temperature superconduct-~ 
ing (HTSC) alloys has stimulated new studies to 
measure oxygen concentrations from grain to 
grain in polycrystalline materials. The ortho- 
rhombic YBazCu307-3 phase (1237 composition) has 
been identified* as the superconducting phase 
with properties that are sensitive to the oxy- 
gen content; and weight-loss measurements® have 
been used to determine the level of oxygen in 
homogeneous bulk samples (demonstrating a loss 
of superconductivity for 6 > 0.5). Further, 
SEM analyses in conjunction with energy-disper- 
sive x-ray spectroscopy have been used to mea- 
sure metal atom concentrations with high later- 
al resolution,® but these SEM-based techniques 
do not yield information on oxygen. Therefore, 
we have used EBS, HIXE, and RBS in the nuclear 
microprobe to measure the uniformity of the 
oxygen and metal atom concentrations of a bulk 
Y-Ba-Cu-0O alloy. 

Laterally, nonuniform bulk samples were pre- 
pared by cooling a melt containing Y203, Ba0, 


and CuQ. The melt was cooled in an oxygen am- 
bient and analyzed, as-cooled, without an an- 
nealing treatment to form a homogeneous super- 
conductor. A mixture of phases was observed 

at a magnification of 100x in an optical micro- 
scope. The sample was determined to be nonsu- 
perconducting, but the presence of several 
phases suggested that small grains of 1237 ma- 
terial may be isolated within a matrix of non- 
superconducting alloy. A portion of the sample 
near the edge of the melt was analyzed by NMA 
to determine whether regions of material with 
the proper 1237 composition were present. A 
2yum-diameter He beam, at an energy of 8.7 MeV 
(scattering angle of 167°), was used to analyze 
several] areas of the sample; and in each area, 
the beam was rastered over a region 100 x 100 
wm. Figure 1 is representative of the back- 
scattering and HIXE results from this sample. 
The HIXE maps (at right) show that the Y-rich 
regions (dark in the upper map) correspond to 
Ba-poor regions (light in the lower map). In 
comparison, the Cu x-ray signal and secondary- 
electron image showed little contrast over the 
same area. These HIXE maps also show that 
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the Y-rich grains range in size from 10 to 30 
um in diameter and are embedded in a Ba-rich 
matrix. Based on these elemental maps, the 
beam was positioned at a point and RBS spectra 
(shown at left) were collected in each region 
in order to determine the composition of the 
matrix and the embedded grains quantitatively. 

Ion backscattering analysis has been de- 
scribed by Chu et al.’ for the case in which 
the ion-scattering cross section o obeys the 
Rutherford cross-section formula op to withina 
few percent. At 8.7 MeV, o scattering from Ba 
is Rutherford, but the oxygen scattering cross 
section is non-Rutherford. The yield for Ruth- 
erford scattering is greater for high-Z ele- 
ments (e.g., Ba) than for low-Z elements (e.g., 
0), and the amount of backscattering decreases 
as the incident ion energy increases. There- 
fore, low energy (<3.5 MeV a) RBS of supercon- 
ductors is more accurate for measuring the 
heavy element concentrations than for measuring 
the oxygen content because the small O single 
(low op for oxygen) sits on the large metal atom 
background. However, high-energy ion beams 
take advantage of the fact that the scattering 
cross sections for the heavy elements decrease 
as o decreases, thereby yielding a lower back- 
ground and better counting statistics for oxy~- 
gen (greater accuracy). Reference 8 examined 
the use of EBS with a broad beam of 8.7 MeV He 
and determined that o(oxygen) is 22 times 
greater than op; and therefore the oxygen con- 
tent in a thin-film HTSC could be determined 
to within 2-3%. 

The EBS technique given above was used in 
the present experiment to measure the oxygen 
content of the bulk sample with the 2um lateral 
resolution afforded NMA. The oxygen cross sec- 
tion was found to be enhanced over op (oxygen) by 
a factor of 27 for the scattering geometry in 
this experiment. The following table summa- 
rizes the capabilities of EBS with 
8.7MeV a in the nuclear microprobe. 


8 167° 
o/or (oxygen) 27 
Analysis range 1.7 um Sensitivity 


Depth resolution 50 nm 
Lateral resolution 2 um 
1077 /cm? 


where 9 is the backscattering angle and 
o/op(oxygen) isthe cross-section ratio relative 
to Rutherford scattering. The analysis range 
is limited to a few microns because o (oxygen) 
oscillates strongly with energy below 8.3 MeV, 
as reflected in the RBS spectra below 2.5 MeV. 
The shaded portions of the oxygen signals in 
Fig. 1 correspond to a depth of v1.7 um in 
YBazCu307. The depth resolution is determined 
from the energy resolution of the particle de- 
tector and the stopping power of a particle in 
an Y-Ba-Cu-O alloy. The accuracy of EBS given 
above is also applicable for NMA and yields a 
detectable variation in 6 of Aé = 0.3 (where 
7-5 is the subscript for the 1237 composition). 

Surface scattering energies E for the con- 
stituent atoms in the RBS spectra of Fig. 1 are 
7.754, 7.282, 6.782, and 3.170 MeV. The sig- 
nals from the Y, Cu, and O atoms appear at low- 
er energies in the RBS spectra than the Ba sig- 
nal, and overlap the Ba signal because the 


198 


sample is a bulk alloy. However, the Y and Ba 
signals are sufficiently separated so that the 
oxygen yield can be measured relative to the 
Ba yield alone. The equations from conven- 
tional backscattering spectrometry” can then 
be applied to determine the oxygen content 
from o/Op = 27, for oxygen. The con-' 
centration scales plotted next to the yield 
for each element are given in atoms per formu- 
la unit. 

Results of NMA showed that the matrix and 
grains were uniform in composition in all 
three dimensions. The Ba-rich matrix had a 
composition of YBagCu30¢, which is the compo- 
sition for the nonsuperconducting tetragonal 
phase; and the Y-rich grains had a composition 
of Y2BaCu0s, which is the composition for a 
semiconducting phase. Therefore, these re- 
sults confirmed the absence of a superconduct- 
ing phase in the as-cooled sample and showed 
that a post-melt oxgyen anneal is necessary 
for superconductor formation. An NMA measure- 
ment of the matrix oxygen content proved crit- 
ical to this evaluation. 


Burted Tungsten Conductive Layers 


Buried conductors in single-crystal Si wa-~- 
fers are of interest for metallization of 
three-dimensional device structures. Multi- 
level metallization may increase both device 
speed and radiation hardness. This work in- 
vestigates a process in which a W layer was 
buried beneath an Si island through the use of 
low-pressure chemical vapor deposition 
(LPCVD) .° The W is selectively deposited in a 
porous Si layer beneath the island; the sin- 
gle-crystal island is left in an undamaged 
state, which is compatible with further pro- 
cessing to form microcircuits. The object of 
this work is to characterze a patterned Si wa- 
fer exposed to the tungsten LPCVD treatment, 
and in particular to characterize the extent 
of W deposition and reaction around the Si is- 
land, The samples were patterned in long 
strips of Si islands 50 um wide and 9 um 
apart. Nuclear microprobe analysis and scan- 
ning electron microscopy were used to deter- 
mine the extent of the W deposition reaction 
and the crystalline quality of the Si islands. 

Scanning electron microscopy, in conjunc- 
tion with electron channeling, showed that the 
Si remaining in the island region was single 
crystalline with approximately the same orien- 
tation as the substrate Si. The W reaction 
begins between the islands, where the overlay- 
er was removed down to the buried porous Si 
layer, and proceeds from the edge toward the 
center of the islands. The extent of the W 
deposition was easily seen when the sample in 
the SEM was tilted to 70° in order to obtain a 
cross-sectional view. Figure 2 shows a back- 
scattered electron image of the sample in 
cross section. The buried W was deposited un- 
der the island leaving a small gap of porous 
Si centered below the island. 

NMA (with both RBS and HIXE) was done to 
determine the extent of a silicide-forming 
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FIG. 2.--Backscattered electron image of edge of silicon wafer treated to form buried W layers 
beneath epitaxial (epi) Si islands. Sample was tilted 70° to obtain SEM image. Four depth 
scales shown at right were measured from RBS spectra collected in linescane across Si islands. 
Concentration of W is in atoms/cm?. Zero for depth scale in A begins at W surface, which is 

3 um deeper than surface of Si island. Si profiles are shown only as reference for relative 
position of W and Si signals in RBS spectra. Oscillatory Si concentration as a function of 
depth results from non-Rutherford Si cross section, which was not deconvoluted from these 


profiles. 

reaction between the Si in the islands and the land. Further, the discontinuity in the bur- 
deposited W. The RBS data were collected by ied W layer was found to be a 3um-wide region 
scanning an 8.7MeV He beam (3 um in diameter) of unreacted porous Si beneath the center of 
in a line 100 um long across the Si islands. the Si island. A study of the W deposition 
The yield of backscattered ions vs energy was and silicide formation kinetics is planned by 
collected at each point along the scan and sev- repetition of the NMA measurements for various 
eral spectra from each point were summed to im- times during the LPCVD process. 

prove statistics. The concentration vs depth, A comparison of the resolution limits for 
determined from the RBS spectra for four re- NMA- and SEM-based composition analysis shows 
gions of the sample, is plotted in Fig. 2. that the nuclear microprobe yields both unique 
These results indicate that the W reacts with and complementary quantitative composition 

the sides of the Si islands and forms a sili- information. Current nuclear microprobes have 
cide. This silicide region is uniform and ap- a lateral resolution poorer by a factor of 10 
proximately 3um-thick on both sides of the is- than the lateral resolution in an SEM; but 
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SEM analyses have very limited depth resolu- 
tion, whereas NMA has a depth resolution down 
to 10 nm for 2MeV ion scattering. The lack of 
depth resolution in the SEM is a particular 
problem in the analysis of layered samples in 
which the x-ray peaks of elements from differ- 
ent layers overlap (e.g., thin-film supercon- 
ductors on SrTiO, substrates). The NMA yields 
a three-dimensional analysis of the composition 
in which the effects of the substrate can be 
easily separated from that of the thin film. 
Further, the nuclear microprobe is compatible 
with several techniques such as RBS, EBS, and 
ERD, which not only give compositional informa- 
tion on heavy elements (from the third row of 
the periodic table and above) but also give 
quantitative analyses on elements in the first 
two rows of the periodic table. 
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NOVEL APPLICATIONS OF THE FIELD ION MICROSCOPE AND ATOM PROBE 


G. L. Kellogg 


Introduced in 1951 and 1966 respectively, the 
field ion microscope’ and atom-probe? mass 
spectrometer can hardly be considered new or 
emerging microprobes. Over the years, the 
ability to use these instruments to examine the 
structure and composition of various materials 
at the atomic level has been well estab- 
lished.*~1* However, recent advances in more 
conventional microanalytical techniques, par- 
ticularly progress toward a higher degree of 
spatial resolution, has created renewed inter- 
est in all techniques capable of analysis on a 
very fine scale. Also, there has been an in- 
creased emphasis over the past several years in 
the application of the field ion microscope and 
atom probe to problems of greater general in- 
terest in surface and materials science, It 

is therefore not totally inappropriate to dis- 
cuss the field ion microscope and atom probe 
within the context of "emerging" microprobes. 
The intent of this paper is to familiarize the 
reader with the techniques of field ion micros- 
copy and atom-probe mass spectroscopy and de- 
scribe several recent applications that demon- 
strate some of their unique attributes. 


Field Ion Microscopy 


Conceptually, the field ion microscope is a 
very simple instrument. Shown schematically in 
Fig. 1, the microscope consists of a cryogeni- 
cally cooled sample "tip'' placed opposite to a 
fluorescent screen in an ultrahigh-vacuum cham- 
ber. In addition, modern-day field ion micro- 
scopes almost always include a channel plate 
next to the fluorescent screen for image inten- 
sification (not shown in the figure). An im- 
age of the surface atoms at the apex of the tip 
is produced by the application of a high posi- 
tive voltage (typically 5-20 kV) to the tip in 
the presence of an imaging gas such as He, Ne, 
or Ar. The extremely high electric field (of 
the order of tens of volts per nanometer) 
caused by the applied voltage ionizes the im- 
aging gas atoms in a region directly above the 
protruding surface atoms. The positive ions 
formed in this process are accelerated away 
from the positively charged tip and travel to 
the screen, where they form image spots. Be- 
cause the ions are created preferentially above 
the protruding surface atoms, the pattern of 
spots that appears on the fluorescent screen is 
a direct image of those atoms. The magnifica- 
tion of the field ion microscope, given roughly 
by the ratio of the tip-to-screen distance to 
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FIG, 1.--Schematic drawing of field ion 
microscope, 


the tip radius, is of the order of several 
million. The resolution of the field ion mi- 
croscope is a function of tip temperature and 
is sufficient to resolve individual atoms when 
the tip is at cryogenic temperatures. 

Fig. 2 shows an example of a field-ion- 
microscope image taken from a rhodium sample. 
The dark, circular regions seen in the image 
correspond to the flat low-index planes of the 
surface. These regions are dark because the 
atoms within the plane do not protrude suffi- 
ciently to cause a local enhancement of the 
electric field. The rings of spots surrounding 
the dark regions correspond to the atoms at 
the edges of individual atomic layers. The 
smallest diameter ring corresponds to the 
edge of the topmost atomic layer and succes- 
sively larger rings correspond to the edges of 
successively deeper atomic layers. 

If the applied voltage to the tip is in- 
creased beyond that which produces a stable 
field-ion-microscope image, the electric field 
at the surface becomes high enough to ionize 
and remove the surface atoms themselves. This 
process is known as either field evaporation 
or field desorption.?~’ In the region of low- 
index planes, field evaporation removes the 
substrate atoms from the edge of the plane in- 
ward, one layer at a time. The field evapora- 
tion process is very useful as the final step 
of sample preparation before field-ion imaging 
because it produces a surface that is free of 
contaminants and is smooth on an atomic scale. 
Field evaporation is also routinely used to 
probe into the near-surface region of the tip 
to find structural defects that may not extend 
to the initial surface. 
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FIG, 2,--Helium field ion microscope image from Rh at 6.6 kV. 
FIG, 3.--Field ion micrographs showing reconstruction of Pt(110): (a) unreconstructed surface, 
(b) reconstructed to missing-row structure (from Ref. 19). 


FIG, 4,--Field ion micrographs showing the stability of Ir adatom clusters on Ir(100): 


(2) stable 


island of six atoms, (b) metastable island of five atoms produced by field evaporation of corner 
atom, (c) stable chain of five atoms produced by heating five-atom island (from Ref. 29). 


As described later, the field ion microscope 
can be used in combination with the atom-probe 
mass spectrometer to gain information on the 
chemical composition as well as the atomic 
structure of the surface and near-surface re- 
gion of a solid sample. However, even by it- 
self, the field ion microscope continues to 
make contributions in various scientific disci- 
pline. For example, one of its unique applica- 
tions has been the investigation of the diffu- 
sion and interaction of individual surface 
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atoms. Pioneered by Ehrlich and co-workers? 


these studies have provided quantitative dif- 
fusion parameters and interaction potentials 
for a variety of adsorbate substrate sys- 
tems.'*-17 The field ion microscope has also 
made many significant contributions in metal- 
lurgy and materials science. For more infor- 
mation on these applications, the interested 
reader is referred to several review arti- 
cles,°" * 

In this report two examples of applications 


to surface science are described, The first 
involves the reconstruction of clean metal sur- 
faces. It has been well established by low 
energy electron diffraction (LEED), ion scat- 
tering, and other techniques that the atomic 
structure of a single-crystal surface may dif- 
fer from a simple termination of the bulk 
structure.'® Yet the detailed arrangement of 
surface atoms is often difficult to discern 
from these techniques. An example is the (110) 
surfaces of Pt, Ir, and Au. The (110) surface 
of these fcc materials consists of close-packed 
rows of atoms aligned along the [110] direc- 
tion. Investigations by LEED have shown very 
clearly that the atoms in the topmost (110) 
layer of Pt, Ir, and Au are rearranged with re- 
spect to the bulk and have a (1x2) periodici- 
ty.1® This periodicity means that atoms along 
the rows have the same atomic spacing as atoms 
in the bulk, but the spacing between rows is 
twice that of the bulk. In the particular case 
of Pt, although all investigators agree on the 
(1x2) periodicity, there has been considerable 
controversy over the exact atomic arrangement 
giving rise to this periodicity.?® 

As indicated in Fig. 3, investigations with 
the field ion microscope have shown unambigu- 
ously that the (1x2) periodicity of the recon- 
structed Pt(110) surface is due to alternate 
missing rows of atoms.+? Figure 3(a) shows an 
image of a field-evaporated Pt surface in the 
vicinity of the (110) plane. The arrows indi- 
cate the direction of one of the close-packed 
rows of atoms in the topmost (110) layer. 
From the edge atoms of the underlying layer it 
is possible to determine that the rows of atoms 
in this field-evaporated surface lie in adja- 
cent channels of the next layer down; i.e., the 
surface is not reconstructed. The ability to 
produce atomically perfect, unreconstructed 
surfaces by low-temperature field evaporation 
is a particularly useful feature of the field 
jon microscope for the investigation of surface 
reconstructions at the atomic level. Figure 
3(b) shows an image of the same surface after 
it had been heated to 350 K for 1 min. During 
the heating interval the applied voltage was 
turned off to avoid any influence of the elec- 
tric field on the reconstruction process. 
Careful analysis of this image along with slow 
field evaporation of the topmost layer indicate 
that the rows of atoms in Fig. 3(b) are in 
every other channel of the underlying surface. 
The arrows point to an empty channel that was 
occupied by a row of atoms prior to the recon- 
struction, The arrangement of atoms in Fig. 
3(b) corresponds to the so-called "missing-row" 
structure, which is now the accepted structure 
for Pt(110)(1x2). In similar experiments it 
was shown that the missing-row structure could 
be produced for as few as five atoms in the 
topmost layer, which shows that the reconstruc-~ 
tion is driven by short-ranged atomic interac- 
tions.!? These types of investigations have 
now been extended to other reconstructed sur- 
faces of Pt and Ir.*°"** It has also been 
demonstrated that the field ion microscope can 
be used to investigate reconstructions of some 


of the higher index planes of Si?% as well as 
adsorbate-induced reconstruction on Ni.** 

The second application of the field ion mi- 
croscope discussed in this paper involves the 
nucleation of clusters on atomically perfect 
metal surfaces. Despite the fact that classi- 
cal theories**® of crystal growth either pre- 
dict or assume that the growth of new atomic 
layers begins with a two-dimensional cluster 
nucleus, past observations with the field ion 
microscope have identified metal-metal over- 
layer systems in which the initial nucleus is 
a linear chain.*®-*® These chain nuclei are 
typically stable for clusters up to a critical 
number of atoms, beyond which two-dimensional 
islands are stable. On a W(110) substrate the 
critical number for Ni atoms is four, for Pd 
it is eight, for Ir it is approximately 
twelve, and for Pt stable chains of up to 24 
atoms have been observed. It had been assumed 
that the asymmetry of the W(110) surface 
structure or the difference in the size of 
the adsorbate atoms compared to the substrate 
atoms influenced the formation of the stable 
chain structures. 

In more recent work it has been shown that 
chain nuclei can also occur in homogeneous 
nucleation on symmetric substrates.*°?°° 
example, field ion microscope images of Ir 
atoms on an Ir(100) surface have shown direct- 
ly that chain configurations are stable for 
five or fewer atoms and two-dimensional island 
configurations are stable for six or more 
atoms.”? Photographs that illustrate this in- 
teresting phenomenon are shown in Fig. 4. 
Figure 4(a) shows the topmost layer of atoms 
on an Ir(100) surface after it had been field 
evaporated such that just six atoms remain. 

The six Ir atoms are arranged in a rectangular 
configuration that reflects the symmetry of 
the fcc(100) surface. The rectangular config- 
uration is stable upon heating up to tempera- 
ture of 460 K, Above this temperature the is- 
land dissociates and the atoms migrate off the 
topmost plane. Figure 4(b) shows the same 
cluster with one of the corner atoms removed 
by field evaporation. When this atomic clus- 
ter is heated to 450 K, the five atoms trans- 
form irreversibly to the linear chain shown 

in Fig. 4({c). This chain configuration is 
stable and does not transform back to the is- 
land with additional heating. However, if a 
sixth atom is added to the surface (from an 
external deposition source) and allowed to mi- 
grate to the end of the chain, the six-atom 
chain readily transforms back to a two-dimen- 
sional configuration.*? These experiments 
clearly demonstrate the stability of five-atom 
chains and six-atom islands. Additional ex- 
periments demonstrate the stability of three- 
and four-atom chains and islands larger than 
six atoms. The stability of these atomic clus- 
ters is now being used to determine the rela- 
tive strengths of adatom-adatom bonds on 
single-crystal surfaces. Models based on a 
two-dimensional lattice gas indicate that in- 
teractions extending to second-nearest neigh- 
bors are required for the chain nuclei to 
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FIG. 5.--Schematic drawing of probe- 
hole atom-probe field ion microscope. 


occur, which suggests the presence of relative- 
ly long-ranged interactions in cluster nuclea- 
tion on this surface.*? 

In similar investigations it has been shown 
that Pt adatom clusters on the Pt(100) surface 
actually oscillate between stable chain and is- 
land structures as the number of atoms is in- 
creased from two to six: i.e., chain configura- 
tions are stable for three and five atoms, 
whereas island configurations are stable for 
four, six, and more atoms.°° The stability of 
these structures is predicted by calculations 
based on the Embedded Atom Method if lattice 
relaxations are included in the model, The 
calculations point to the strong repulsive in- 
teraction between atoms at the next-nearest 
separation and the surprisingly large four-body 
attractive interaction as the interactions that 
are responsible for driving these unusual oscil- 
lations. 


Atom-probe Mass Spectroscopy 


The field ion microscope is primarily a 
probe of atomic structure. Chemical identifi- 
cation of species on the surface of a field ion 
tip became possible with the introduction of 
the atom-probe field ion microscope? or atom- 
probe, for short. This instrument combines a 
conventional field ion microscope with a sensi- 
tive time-of-flight mass spectrometer. In the 
most commonly used design (Fig. 5), a small 
hole is placed in the viewing screen of a field 
ion microscope, and a detector sensitive to the 
impact of individual ions is placed at the end 
of a drift tube positioned behind the probe 
hole. The tip is externally adjusted to align 
an atom or group of atoms of interest with the 
probe hole. Surface atoms are removed (field 
evaporated) as positive ions by the application 
of a short-duration (10-100ns), high-voltage 
(0.5-3kV) pulse superimposed on the de imaging 
voltage. The ions of interest travel through 
the probe hole to the detector. From the mea- 
sured flight time of the ions and the known 
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FIG. 6.~-Histogram of field evaporated ions from sample 
of YBa2Cu307-x (from Ref. 32). 


length of the drift tube it is a simple calcu- 
lation to determine the mass-to-charge ratio 
of the field evaporated ions. If the tip is 
pulsed repetitively with the probe-hole over a 
given area of the surface, the chemical compo- 
sition of a small volume of the sample can be 
determined. It is common to plot out the com- 
positions as histograms of field-evaporated 
species. An example of such a histogram from 
a sample of YBazCu3yO7-x is shown in Fig. 6 
(from Ref. 32).~- Because chemical analysis in 
the atom probe can be made specific to a given 
region (e.g., near an extended defect), the 
probe-hole type of atom probe is well suited 
for the investigations of metallurgical prob- 
lems such as impurity segregation to grain 
coundaries and other defects.®-1+ A signifi- 
cant increase in mass resolution can be 
achieved with the use of an energy-focusing 
lens in place of the straight drift tube.3% 
The isotopes of all commonly studied materials 
can be resolved with the energy-focused atom 
probe, 

One disadvantage of the probe-hole atom 
probe is that the majority of species which are 
field evaporated from the surface do not pass 
through the probe-hole and are not detected. 
Studies of surface adsorption and reaction 
processes may therefore require many cycles of 
dosing and desorption to obtain statistically 
significant surface compositions. This prob- 
lem can be addressed with a different type of 
atom probe known as the imaging atom probe. °* 
A schematic diagram of the imaging atom probe 
is shown in Fig. 7. In this instrument the 
viewing screen of the field ion microscope is 
an imaging detector sensitive to the impact of 
single ions. Each ion that strikes the front 
surface of the detector produces a current 
pulse which is amplified and displayed on the 
sweep of a fast-waveform digitizer. The de- 
tector also displays an image spot at the 
position of ion impact. Surface species field 
desorbed from anywhere on the imaged portion 


204 


FLOURESCENT SCREEN ON 
A CONDUCTIVE COATING 


CEMA DETECTOR 
ASSEMBLY 


SPECIMEN 


FIBEROPTICS 
BUNDLE 


TRANSIENT 
WAVEFORM 
DIGITIZER 


EXT. TRIGGER AND 
FIDUCIAL PULSE 


FIG. 7.--Schematic drawing of imaging atom 
probe. 


of the surface are detected and identified by 
their flight times, Although the increased 
signal makes the imaging atom probe better 
suited to the study of surface adsorption pro- 
cesses, its shorter flight path results in sig- 
nificantly poorer mass resolution. An addi- 
tional feature of the imaging atom probe is the 
ability to obtain elemental maps of selected 
surface species. These maps are obtained by 
switching on of the detector during the arrival 
time of a given species. The transient image 
of spots appearing on the detector, which cor- 
responds to the selected species only, can be 
photographically recorded. The "'time-gated" 
image can then be superimposed on a field-ion 
image taken with the same detector at reduced 
gain to determine where on the surface the se- 
lected species originated, 
Another type of atom probe, known as the 
pulsed-laser atom probe,°*>*® 
itated atom-probe investigations of semiconduc- 
tors and insulators. In the pulsed-laser atom- 
probe a short-duration (0.1-10ns) laser pulse 
is applied to a tip which is simultaneously 
subjected to a dc applied voltage. The combin- 
ation of the thermal stimulation produced by 


the laser pulse and the high electric field pro- 


vided by the applied voltage initiates field 
desorption. Time-of-flight mass analysis is 
carried out the same way as in either the 
probe-hole or imaging atom probe. The use of 
laser pulses permits analysis of high-resistiv- 
ity materials that do not transmit the high- 
voltage electrical pulses. Elimination of the 
high-voltage pulses also leads to a significant 
improvement in mass resolution. In addition, 
it has also been shown that the pulsed-laser 
atom probe is useful for the investigation of a 
variety of surface reaction and desorption 
phenomena. A recent review of the pulsed-laser 
atom probe can be found in the literature,°” 


has greatly facil- 
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FIG, 8.--Cumulative plot of field desorbed oxy- 
gen atoms vs field-desorbed rhodoium atoms. 
Slope of plot identified chemical form of oxide 
(from Ref. 38), 


articles.°-'* Here, an example of how the 


atom probe has been applied to the study of 
surface oxide formation is provided to illus- 
trate the quantitative nature of the chemical 
analysis that can be performed. The formation 
of thin metal oxides is of considerable in- 
terest in research areas such as corrosion, 
catalysis, and adhesion. Metal oxides have 
also become important in microelectronics, 
where a need for very thin insulating materi- 
als has developed. Crucial to the character- 
ization of thin metal oxides is the ability 
to determine the composition of the film from 
the surface through the metal-oxide inter- 
face. In the example presented here it is 
shown that this type of characterization is 
possible with the atom probe. 

The metal substrate used in this study was 
rhodium.°® The choice of rhodium was moti- 
vated by its well-known catalytic properties 
and the influence of surface oxides on the 
catalytic activity. The experimental appa- 
ratus consisted of two UHV chambers: a reac- 
tion chamber, in which the rhodium tips were 
oxidized; and an analysis chamber, in which 
field ion microscopy and imaging atom-probe 
mass spectroscopy were carried out. A rhodi- 
um tip was first introduced into the analysis 
chamber and its surface was cleaned by neon 
ion bombardment and dc field evaporation. The 
atomic structure of the surface was examined 
by field ion microscopy. The sample tip was 
then transferred under ultrahigh vacuum to the 
reaction chamber where it was oxidized in 1 
Torr O, at 600 K for 15 min. The oxygen was 
removed from the reaction chamber and the tip 
was returned to the analysis chamber without 
exposure to air. 

The composition of the oxide was examined 


The atom-probe field ion microscope has been 
applied to a variety of problems in a wide range 
of scientific disciplines. Discussions of these 
applications can be found in a number of review 


in the analysis chamber. The oxide layer was 
removed by pulsed-voltage field evaporation 
and the desorbed species were mass analyzed. 
The primary species detected in the mass scans 
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were atomic and molecular oxygen, water, and 
various charge states of rhodium and rhodium 
oxide. Oxide film was removed at a rate of 
about one layer per pulse with a total of 50- 
70 pulses used to remove the entire film. For 
these studies only a small region of the sur- 
face was probed for a better examination of the 
metal-oxide interface. This examination was 
accomplished by positioning of a disk with a 
small aperture in front of the tip during anal- 
ysis. The chemical composition of the oxide 
was obtained from a plot of the cumulative num- 
ber of oxygen atoms detected vs the cumulative 
number of rhodium atoms. 

An example of such a cumulative plot is 
shown in Fig. 8. It is obvious from the graph 
that there are three distinct slopes in the 
plot. The initial slope is 3/2, which shows 
that the outer oxide is stoichiometric Rh,0;. 
This is the stable form of rhodium below 1023 
K and has the corundum structure.*° The thick- 
ness of the oxide film is estimated to be of 
the order of 50-60 layers. The next region has 
a slope that varies from 0.3 to 0.5. This 
slope does not correspond to any expected sub- 
oxide and varies somewhat from experiment to 
experiment. Most likely the region contains a 
mixture of suboxides and dissolved oxygen and is 
thus labeled "dissolved oxygen.'' The thickness 
of the transition region is 5-15 Rh layers. 

The third region of the plot has slope 0 and 
corresponds to bulk Rh. 

The results of the above investigation 
showed quite explicitly that thin oxide films 
grown on Rh at elevated temperatures consist of 
a single phase of Rh2,0;. Moreover, it was dis-~ 
covered that the transition region from this 
oxide to the metal substrate is very narrow, 
extending only a few atomic layers. This type 
of experiment clearly demonstrates that de- 
tailed information on the composition of thin 
oxide films can be obtained in controlled 
studies with the atom probe. In additional 
studies it was shown that the growth law, the 
activation energy for oxygen uptake, and the 
conditions under which the Rh oxide layer could 
be removed by CO reduction can also be obtained 
in studies with the imaging atom probe. *? Sim- 
ilar experimental methods have been used to in- 
vestigate oxide growth on other metal surfaces 
with atom-probe techniques.’?**~*° 


Summary 


The unique attributes of the field ion mi- 
croscope and atom-probe mass spectrometer per- 
mit structural and chemical analysis at the 
atomic level. In this paper a brief overview 
of the operating principles for the two instru- 
ments was given. In addition, three specific 
examples, which illustrate the type of analysis 
possible with the techniques, were discussed. 
These examples were chosen primarily based on 
the author's recent research interests. Many 
other applications, which emphasize other novel 
aspects of the field ion microscope and atom 
probe, are reviewed in the literature.?7?? 
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6 
Quantitative Analysis 


QUANTITATIVE EPMA OF OXYGEN 


G. F. Bastin and H. J. M. Heijligers 


It has been demonstrated on several occa- 
sions'~* that quantitative analysis of ultra- 
light elements like B and C is possible with 
surprisingly high accuracy, provided that the 
effects of peak shifts and certainly those of 
peak shape alterations are taken into account. 
The latter effects require in principle that 
the intensity measurements are carried out in 
an integral fashion, which is of course a very 
time-consuming process for a wavelength-disper- 
Sive spectrometer. We have shown before that 
the measuring efforts can be considerably re- 
duced by the introduction of the Area-Peak 
Factor (APF) concept. This approach requires 
the one-time accurate determination of the ra- 
tio between the (true) area (or integral) k- 
ratio and the peak k-ratio for a specific com- 
pound relative to the selected standard. Once 
such an APF is available, subsequent measure- 
ments can quickly be carried out on the peak 
again and the peak intensity ratio can be eas- 
ily converted into the correct integral k-ratio 
by multiplication by the APF. 

The acquisition of accurate integral k-ra- 
tios is one thing; their conversion into cor- 
rect concentrations is another. This procedure 
depends not only strongly on the quality of the 
particular matrix correction program used but 
equally strongly on the quality of the mass ab- 
sorption coefficients (mac's) the program has 
to work with. Therefore, our research efforts 
in the past in the field of ultralight element 
analysis have been aimed at setting up large 
databases of light-element k-ratios on which 
various current correction programs could be 
tested in conjunction with various sets of 
mac's. In the light of the recent developments 
in matrix correction programs ,°~’ as a result 
of which the performances of these programs ap- 
proach each other more and more closely, the 
former aspect has perhaps lost some of its 
original weight. Nevertheless it is still of 
the greatest importance to have such databases 
available in order to test the correctness and 
consistency of the various sets of mac's pub- 
lished in literature. Another sometimes over- 
looked problem can be the occurrence of system- 
atic anomalies in x-ray emission®; these cases 
too can only be discovered by large series of 
measurements. 

In the present paper we give some prelimi- 
nary results of our work on oxygen, performed 
on more than 30 oxides at accelerating voltages 
between 4 and 40 kV. To avoid the problems as- 
sociated with a lack of electrical conductivity 
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and the inherent use of conductive coatings 
only oxides exhibiting sufficient conductivity 
were selected; hence, no coatings had to be 
applied at all. A database of more than 300 
measurements was collected and our own program 
PROZA’ proved highly successful: an average 
value of koaic/Kmeas Of 0.999 and a relative 
root-mean-square error of less than 2.5% 


Expertmental 


The microprobe used was an automated JEOL 
733 Superprobe equipped with four wavelength- 
dispersive spectrometers and an EDX-system 
(TRACOR Northern TN-2000). The automation 
system was also supplied by TRACOR Northern 
(TN-1310). One spectrometer contained a con- 
ventional lead-stearate crystal (2d = 100 A) 
with which the elements B through 0 can be 
measured; another spectrometer contained two 
synthetic multilayer crystals both supplied by 
Ovonic Synthetic Materials Co. (USA). One of 
the latter crystals (W-Si multilayer, 2d = 
59.8 A) has been used in the past few years 
with great success in our laboratory for ac- 
curate analysis of N and 0, giving strongly 
improved peak count rates and usually strong 
suppression of higher-order reflections. The 
other multilayer (Mo/B4C, 2d = 144.8 &) shows 
a very much improved performance for B and Be. 

The oxygen measurements were carried out 
relative to a natural hematite (Fe,0,) stan- 
dard which was found to exhibit sufficient 
electrical conductivity over the full range 
(4-40 kV) of accelerating voltages. The test 
on electrical conductivity of the oxide speci- 
mens was carried out by measurement of the 
value of the short-wavelength cutoff in the 
EDX spectrum over the full range in accelerat- 
ing voltages. 

Integral O Ka spectra, necessary for the 
determination of the APFs, were recorded using 
the stearate (STE) as well as the W-Si multi- 
layer (LDE) crystal simultaneously at an ac- 
celerating voltage of 10 kV and a beam current 
of 50 nA. The spectrometers were instructed 
to scan the wavelength range of the O Ka peak 
in small steps, acquiring 10 s counts after 
each step, after which the number of counts 
were stored in successive channels of the mul- 
tichannel analyzer of the EDX system. After 
completion of the spectra they were stored on 
floppy disk, to be processed later on. A par- 
ticular problem was the determination of the 
background of the 0 Ka peak on the left-hand 
(short-wavelength) side for the STE crystal. 
Due to the proximity of a mechanical limit of 
the spectrometer it proved to be virtually im- 
possible to start sufficiently far away from 
the maximum in the peak. Therefore, the 


measurements on the STE crystal have not been 
included in the final database. 

Once the APFs were determined, large series 
of peak k-ratios for oxygen were measured and 
were subsequently converted into integral k- 
ratios by multiplication with the appropriate 
APFs 


Results 


It was soon discovered that the effects of 
peak shape alterations, expressed in the devia- 
tions of APFs from unity, which can be very 
large indeed for B Ka and C Ka,*’® were much 
less serious for 0 Ka, at least when the LDE 
crystal was used. The APF values for the STE 
crystal were usually slightly more extreme as 
a result of the better spectral resolution of 
this crystal as compared to that of LDE. How- 
ever, due to the problems with the background 
determination mentioned before, the results of 
the STE crystal must be considered less reli- 
able. Table 1 shows a small selection of APFs 
for O Ka radiation measured with LDE relative 
to Fe203. It is evident that the effects of 
peak shape alterations are small indeed and in 
many cases we investigated so far they could 
almost safely be ignored altogether. An excep- 
tion here is Bg0, in which the 0 Ka peak is the 
broadest observed until now. To some extent 
the magnitude of the APFs depends of course on 
the selection of the standard; apparently the 
O Ka peak emitted from Fe203 has an “average” 
width resulting in APFs for the other oxides of 
either 1-2.5% above or below unity. 

The superior performance of the LDE crystal 
is clearly visible in Fig. 1. The peak count 
rates are 2,5-3 times higher and the suppres- 
sion of the second-order Zn La line is evident. 
On top of that the background determination is 
much easier with the LDE se ahi because the 
smaller 2d spacing of 59.8 A produces a shift 
in the O Ka peak position toward the middle of 
the mechanical range of the spectrometer. On 
the other hand, the better spectral resolution 
of the STE crystal becomes immediately apparent 
in the asymmetry of the O Ka peak, which re- 
veals signs of an additional component on the 
short-wavelength side of the peak that cannot 
be discerned by the LDE crystal. Strange as it 
may seem, the latter effect must be considered 
as an advantage in ultralight element analysis 
because it leads to APFs closer to unity. 


TABLE 1.--Area-peak factors for O Ka radiation 
in some oxides relative to an Fe,0;: standard; 
LDE crystal. 


Oxide APF 
BgO 1.063 
Tide 0.980 
Cr203 0.993 
NiO 1.015 
Nb2Os 0.984 
RuO>s 1.011 
Sn02 0.974 


Once the APFs were established large series 
of peak intensity ratio measurements were car- 
ried out (with LDE exclusively) between 4 and 
40 kV and the results were converted into in- 
tegral k-ratios by multiplication by the APFs. 
Figure 2 shows two typical examples of such 
measurements for RuO, and Sn0., which both con- 
stitute cases of very heavy absorption for 0 ka 
x rays. For RuQ2 excellent agreement is ob- 
tained between the calculations (solid curve) 
of our latest correction program (PROZA’) and 
the actual measurements. In this case Henke et 
al.'s? mac of 19 700 for O Ko in Ru was used, 
apparently with success over the full range of 
voltages. For SnO2, on the other hand, the use 
of Henke et al.'s value of 23 100 for O Ka in 
Sn led to an extreme discrepancy between calcu- 
lations (open squares in Fig. 2) and measure- 
ments. Since the elements Ru and Sn are rather 
close in the periodic system, it is impossible 
that any correction program could produce such 
a discrepancy; hence, it is more likely that 
something is wrong with physical numbers such 
as the mac's. A series of calculations in 
which the mac was decreased from 23 100, which 
produced an average value of 0.675 for keajic/ 
Kneas and a relative rms value of 7.01% for 
this set of 11 measurements, down to 15 050 
showed that this latter value led at the same 
time to a much better k'/k ratio of 0.997 as 
well as an improved rms figure of 3.25% (see 
also Fig. 2). 

Apparently the equations used in the litera- 
ture for the calculations of mac's have in this 
case been extrapolated over the MS absorption 
edge of Sn. By the way, this is a nice example 
of the benefits of having large data sets 
available because such adjustments can never 
reliably be made through one solitary measure- 
ment. Similar tests with all other oxides 
showed that in general Henke's”’ latest mac's 
for O Ka x rays were quite satisfactory with a 
few exceptions. Apart from Sn, mentioned be- 
fore, major adjustments were found necessary 
for elements such as Zr, Nb, and Mo. Our op- 
timized mac's are between Henke's latest val- 
ues (1982) and his previous*® ones and in fact 
much closer to the older ones. Quite similar 
observations were made for B Ka and C Ka x rays 
in these metals.°?>*>® Apparently the proximity 
of the M5 edge leads to great difficulties in 
establishing the correct mac's. It is obvious, 
though, that the use of a good matrix correc- 
tion program, like several that are available 
nowadays, when applied to a well-measured set 
of consistent k-ratios, provides an elegant 
procedure for establishing consistent sets of 
mac's, 

As stated in the introduction an average 
value for k'/k of 0.999 and a relative rms fig- 
ure of less than 2.5% was finally obtained on 
the complete database containing more than 300 
measurements. Considering the fact that the 
measurements were carried out over a very wide 
range in accelerating voltages ranging from as 
low as 4 kV up to as high as 40 kV, these re- 
sults can be called remarkable. In fact they 
are quite comparable to the numbers quoted for 
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FIG. 2.--Integral k-ratios for 0 Ka x rays rel- 
ative to FeO, standard as function of accel- 
erating voltage (LDE crystal). Top: RuO2; 
bottom: SnO,. Solid dots represent experimen- 
tal results, solid curves correspond to calcu- 
lations of our latest correction program 
PROZA.’ Open squares represent calculations 
with a mac for O Ka in Sn of 23 100 (Henke et 
abe Js 
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a database® consisting of measure- 


ments on medium-to high Z element 
radiations. That proves again that 
surprisingly high accuracy can be 
obtained for ultralight element 
analysis provided that the measure- 
ments are carried out with suffi- 
cient care and that matrix correc- 
tion is done with a good correction 
program in conjunction with the 
proper mac's, At the moment the 
x-ray lines of the metal components 
in the oxides are being measured 
and in the near future more details 
of the present work will be sup- 
plied in a number of publications. 
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ANALYSES OF LAYERED SPECIMENS IN THE ELECTRONPROBE MICROANALYZER 


Rod Packwood, Vera Moore, and Sandra Thomas 


Our laboratory handles a fair amount of service 
work and several times we have been asked to 
use the microprobe to verify that a thin lay- 
ered material was indeed what the client be- 
lieved it to be. We were pleased to try. The 
notion of having "known" material to work with 
was novel; most specimens suffer from large un- 
certainties associated with some aspect of 
their composition or distribution; and so on 
each occasion it seemed to be a good opportuni- 
ty to combine pure and applied research. The 
idea was to compare the microprobe data with 
the predictions of the PM equations for x-ray 
intensity as a function of accelerating poten- 
tial and layer thickness. However, it was not 
to be that easy, because each time the situa- 
tion turned around and we ended up using the 
predictions of the PM equations to make new 
forecasts for both thickness and composition 
that were to be substantiated on other grounds. 
The clients were pleased but we were no further 
ahead with the attempt to test the theory. 

Work on data in the published literature sug- 
gested that the method was on a solid footing, 
but it would be better if we could work with 
well-documented material. Despairing of ob- 
taining, fortuitously, specimens with the ap- 
propriate credentials, we decided to manufac- 
ture our own test material. Budget constraints 
dictated that the apparatus be made in house 
and employ such facilities as were already 
available. Fortunately there was a Sloan 200 
digital film-thickness monitor, purchased some 
time previously, that could be mounted on the 
Edwards Hi-Vac evaporator unit; of necessity 
thermal evaporation was the deposition route. 
The remainder of the apparatus was in the na- 
ture of objets trouvés that required some degree 
of modification to be made suitable for our 
purposes. 


Manufacture of Plaid Depostt Arrays 


As shown in Fig. 1, a rotary vacuum feed- 
through turns a small capstan 1, fixed to a 
metal support on which slides an oblong metal 
shuttle 2, which carries the specimen 3, at- 
tached to its underside but not in contact with 
the metal support. Thin metal shim-stock was 
used for the slits; centered below them at x is 
the tungsten basket for the evaporant, which is 
some 11 cm distant. Close to and at the same 


Rod Packwood and Vera Moore are at the Cana- 
da Centre for Mineral and Energy Technology, 
568 Booth St., Ottawa, Canada KIA 0G1; at the 
time of this work Sandra Thomas was a co-op 
student at the University of Waterloo, Ontario. 
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with the later part of this study. 
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FIG. 1.--Schematic of substrate holder and 
translation mechanism. 


height as the specimen is the thickness monitor 
sensor 4, with its face tilted through about 5° 
in order to receive evaporant at 90° to the 
surface. The separation between the sensor and 
x is about 2 cm, As the shuttle moves down the 
slide, a steel point 5 traces along the preci- 
sion sawtooth template 6, as a means of locat- 
ing each new deposit. The shuttle is re- 
strained by a long spring that takes up back- 
lash, and a second flat spring 7 keeps the 
pointer firmly against the template or the 
glide blocks 8, as the case may be. The slit 
width is chosen to be roughly 3/4 of the saw- 
tooth waveform on the template, i.e., 1.5 vs 
2.0 mm, respectively. Various thickness lay- 
ers of Al, Cu, Ag, and Ni were deposited on 

Si, Cu, Sn, and Pb substrates. The deposits 
were chosen so as to give reasonably well 
spaced thicknesses ranging from 75 to 1500 

per single deposit. After a sequence of bands 
has been laid down, the substrate is detached 
and remounted at right angles to the first ori- 
entation, and a new sequence of deposits is 
made with thicknesses in between those of the 
first set. The result is a series of bands, 
each of which is overlaid by all the deposits 


FIG, 2,.--3 x 3 plaid deposit array. 
FIG. 3.--Schematic of segment mask for p-9 deposit arrays. 


FIG. 4.--Schematic of side view of 0-6 substrate 


of the different known thicknesses. A simple 
variation on the slit geometry would also have 
given an accumulation of deposits 1, 1 + 2, 

1+ 2 + 3, etc., a considerable advantage when 
one is trying to manufacture thick layers for 
tests at higher accelerating potentials. The 
specimens analyzed in our Camebax Micro by step 
scans of 20s count every 20 mm for both deposit 
and substrate x rays along paths such as i-j 
and j-j. Comparisons of the first, last, and 
intermediate values for band 2 give a direct 
indication of the deposit's uniformity; it was 
found to be better than 95%. Data reduction 

was performed in two stages: averaging the sig- 
nals from the individual regions, ignoring the 
obvious shadow/edge values, was done manually; 
the combination pairwise, background subtrac- 
tion and all subsequent manipulation was done 
in EXCEL on a Macintosh SE. 

The aluminum evaporations were difficult be- 
cause the reaction between W and Al was much 
more vigorous than anticipated, so that part 
of the experiment awaits an alternative mode 
of deposition. On the other hand, Cu and Ag 
were trouble free; the filaments lasted 20 or 
more evaporations. The Si and Cu substrates 
were simple to prepare but Ag and Pb needed 
some thought because their extreme softness 
rules out conventional metallographic proce- 
dures. We settled for cutting fresh slices of 
them from small ingots, squashing the clean 
surface flat between polished anvils in a 
specimen mounting press (approx. 10 000 psi), 
and trimming to size with a sharp blade. The 
prepared Ag and Pb specimens were then glued 
to stiff copper support coupons in order to 
facilitate handling. 


Manufacture of Annular Depostt Arrays 


The relatively limited depth of field in the 
Cameca microscope meant that the plaid depos- 
its were rather tricky to use for tilted sam- 
ple measurements. We decided that this re- 
striction could best be overcome if instead of 
x-y geometry for the array of deposits we used 
r-68 as in a darts board configuration, which 
allowed us to focus the microprobe at a given 
r value and bring the various deposits under 
the beam by simply rotating the specimen. This 
last is a manual operation on our machine and 
could be a drawback if a very large number of 


2i2 


holder and rotation mechanism. 


readings are contemplated, but it also permits 
the thickness monitor sensor to be in close 
proximity to the substrate if a hole is made 

in the center of the latter. By this means the 
average separation was reduced to about 1 cm, 

A second method for making the measurements 
was to bring the tilt axis and the 90° of the 
annualar array into coincidence and use the 
stepping motor to run the traverse along that 
direction. For large angles of tilt, rotation 
of the standard specimen holder brings it into 
contact with the polepiece coverplate and the 
specimen must then be partially rotated in the 
holder if all locations on the specimen are to 
be reached. 

We made the annualar ring areas by masking 
off the substrate with a set of circular aper- 
tures. The radial segments were made with the 
mask 1, shown schematically in Figs. 3 and 4. 
It was fixed beneath the substrate 2, on its 
holder 3, which could itself be rotated through 
a known angle via a thin wire on a pulley 4 and 
the rotary vacuum feedthrough mentioned pre- 
viously. Tension on the pulley was maintained 
by a 50g weight 5, hanging down from the other 
end of the wire. The thickness monitor sensor 
6 remained stationary and at the same height as 
the substrate above the tungsten filament 7. 
Small differences in distance could be allowed 
for on the basis of an inverse-square-law var- 
iation with distance. For $(pz) work two dif- 
ferent tracer layers could be put on the oppo- 
site halves of the substrate and then covered 
at the same time by the various deposits of 
substrate metal. 


Theory 


The PM equations have been published pre- 
viously;?>*% only the general equation will be 
quoted here. The observed intensity to be ex- 
pected from a layer buried between § and &'! 
mass thicknesses of absorption factor y inside 
a medium of absorption y' is given by 


i 


I Cy (VTI/2a.) 
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Relative Intensity 


Copper on Tin 


1500 


2000 
Thickness of Copper (Angstroms) 


0 500 1000 2500 


FIG. 8.--Observed and predicted relative in- 
tensities of Si Ka, Sn La, and Ni Ka from 
substrates covered in Cu. 


where the other variables have their usual 
meanings. The assumption has been made that 
the overall $(9z) can be represented by some 
combination of the curves for the two component 
materials. Exactly how the average values of 
the various parameters should be calculated is 
one of the questions to be answered, The meth- 
od of weighting surface and substrate contribu- 
tions by error functions in 2a has already been 
suggested and is further tested here. 


Results 


Results obtained with Cu Ka and Cu La from 
Cu deposits are shown in Figs. 5 and 6. They 
were achieved by application of a 2a error 
function weighting for deposit and substrate 
contributions to the ¢o9 and 8 parameters for 
the combined $(pz) curve; a was weighted with 
a lo error function; and yo, a, 8, and $9 are 
as reported elsewhere. For Ag La the results 
were not quite as good when the normal a value 
was used (Fig. 7), Ag on Sn. However, if the 


Silver on Copper 


Relative Intensity 


Silver on Lead 


30 keV 


1000 
Thickness of Silver (Angstroms) 
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FIG, 9,--Observed and predicted relative inten- 
sities of Pb Ma, Sn La, and Cu Ko from sub- 
strates covered in Ag. 


constant in o is increased from 4.5 x 10° to 
5.0 x 10°; there is some improvement, i.e., Ag 
on Si and Pb. Whether this is a real shift in 
the a value or just a result of some experi- 
mental error or oversight is not clear at this 
time. 

For the substrate data we have Si Ka, Sn La, 
and Ni Ka data from underneath Cu deposits 
(Fig. 8) and Pb Ma, Sn La, and Cu Ka from un- 
derneath Ag deposits (Fig. 9}. On the whole 
the agreement between the observations and the 
predictions is quite reasonable. 

The $(9z) measurements comparing 
horizontal and tilted specimens were described 
previously.* 
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MASS CONCENTRATION VERSUS ATOMIC CONCENTRATION IN ELECTRON PROBE MICROANALYSIS/ANALYTICAL 
ELECTRON MICROSCOPY: WHICH IS THE PROPER CHOICE? 


D. E. Newbury and E. B. Steel 


One aspect of quantitative electron probe micro- 
analysis (EPMA) that has always appeared curious 
is the manner in which many electron-specimen 
interaction parameters scale as a function of 
the mass (weight) concentration Cw of the ele- 
mental constituents rather than as the apparent- 
ly more obvious atomic concentrations Cy. To 
review the situgvation briefly, the following 
cases stand out prominently. 


1. Castaing's first approximation! provides 
the basis for quantitative x-ray microanalysis. 
ea Tec! T sta " Cepe/© (1) 
where I is the measured characteristic x-ray 
intensity, and C is the mass concentration. 

For pure element standards with Cgtg = 1, k & 
Conc. 
2. X-ray bremsstrahlung. When multi-element 
specimens are examined, the intensity of the 
x-ray bremsstrahlung 1B at a given energy E is 
given by? 


std 


, ee ae ore ih (2) 


E,spe 


where IB, ,zZ represents the bremsstrahlung pro- 
duced by a pure element target with atomic num- 
ber Z, C is the mass fraction, and the summa- 
tion is taken over all the elements in the 
specimen. 

3. Backscattered electron coeffiicent. 
Heinrich? has demonstrated that the backscat- 
tered electron coefficient n of a mixture 
scales so perfectly with the mass fraction of 
the elemental constituents that it can be used 
as a basis for a technique of quantitative 
analysis: 

"spe > ri “iz 

The following discussion considers the first 
of these cases, Castaing's first approximation 
for characteristic xX rays. 


(3) 


Thin~specimen Case 


The starting point for the development of 
the mathematical description of x-ray genera- 
tion in a bulk solid is consideration of the 
generation of x rays in a layer of infinitesi- 
mal thickness.*’*® This is actually the speci- 
men configuration that is approximated experinen- 
tally in analytical electron microscopy (AEM) . © 
A typical specimen thickness in AEM is 50-100 


The authors are with the Center for Analyti- 
cal Chemistry, National Institute of Standards 
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nm, which is of the order of 5% of the range of 
20keV electrons in a bulk solid of the same 
composition. In addition, the effects of elas- 
tic scattering in the AEM thin-foil case are 
further reduced, compared to the situation in 
EPMA, by operation at a beam energy of 100 keV 
or more. In the absence of significant elastic 
scattering, the production of characteristic 

x rays dn in a pure element thin foil of thick- 
ness dx is given by the expression® 


dn = QuaN ,p dx/A (4) 
where Q is the ionization cross section [ion- 
izations/e/ (atom/cm?)], w is the fluorescence 
yield (x rays/ionization), Na is Avogadro's 
number (atoms/mole), a is the ratio of the mea- 
sured x-ray line to the total x-ray emission 
from the shell of interest, op is the density 
(g/cm?), dx is the target thickness (cm), and 
A is the atomic weight (g/mole). The cross sec- 
tion includes the term "atoms per unit area" 
and the other quantities (Nao dx/A) in Eq. (4) 
collectively calculate the atom area density. 

When a mixture of atoms is considered, Eq. 
(4) must be multiplied by an appropriate con- 
centration (either atomic or mass) to correct 
for the dilution of species i by the pres- 
ence of additional species j. Since the di- 
mensional argument for the production of x 
rays given in Eq. (4) involves consideration 
on a per atom basis, it seems reasonable to 
assume that the concentration should be in 
terms of atomic fraction. In fact, in the de- 
velopment of a theoretical approach for AEM 
quantitation as an extension of solid-specimen 
quantitation theory, the mass concentration 
has been utilized for quantitative calculation 
of concentration ratios.°® 

Because of the difficulty in making sequen- 
tial measurements of unknowns and standards in 
the form of thin foils, AEM quantitation has 
developed along the line of determining rela- 
tive elemental concentration ratios. Equation 
(4) provides the basis for calculating the con- 
centration ratio from the ratio of x rays mea- 
sured with a spectrometer from two elements, 


A and B, Following the development of Gold- 
stein et al., 

“a _ Da Sp Me 8p Ms SB ‘ (5) 
CG. np Qa Wy ay A, Ey AB 


The term ¢ is the efficiency of the x-ray 
spectrometer for the x-ray line measured and f 
is the correction factor for the absorption of 
the radiation in the specimen.° By measuring 
n for two elements in a thin-film reference 
and calculating the other needed terms in Eq. 
(5) (Q, w, e€, £), one can predict the ratio of 
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elemental concentrations and compare it with 


TABLE 1.--Comparison of predicted and certified 
the known values. 


concentrations (SRM 2063; 100 keV AEM; UTW EDS). 


Expertmental Process Elemental Measured Conc ratio Cone. ratio Atom Mass 
. Ratio X-ray predicted with predicted with Conc Conc, 

: NIST Standard Reference Material (SRM) 2063 intensity non-relativistic relativistic Ratio Ratio 

is the first SRM specifically devised for use Ratio cross section cross section (SRM) (SRM) 

in AEM.’ The concentrations of Mg, Si, Ca, and 

Fe are certified by independent chemical mea- Mo/Fe 9700 0650 sas Scere 1.49 0647 

surements. The thickness (measured and report- foals Eola navonstens Cy 

ees : . (RSD for five measurements = 6.8%) 
ed but not certified) of the film is 105 nm. 
SRM 2063 contains elements with widely separat- sire 247 179 181 3.82 1.92 


ed atomic weights, which results in distinct 
differences in mass concentration and atomic 
concentration ratios and makes it an ideal 
specimen to carry out the test given by Eq. (5). 
Ultra-thin window energy-dispersive x-ray spec- 
tra of SRM 2063 were obtained in an AEM operat- 
ing with a beam energy of 100 keV. Peak inten- 
sities were obtained for Mg and Si Ka,8, and 

Fe Ka and Fe K& by integration over the entire 
peak width and correcting for background. 

The necessary factors in Eq. (5) were calcu- 
ljated as follows: w was taken from the work of 
Bambynek et al.®° The detector efficiency ¢« was 
calculated for a UTW configuration from a modi- 
fication of the efficiency expression described 
by Fiori et al.’ In addition to the gold elec- 
trode (20 nm) and the silicon dead layer (200 
nm), absorption was calculated for the thin 
window (100 nm) and the omnipresent ice layer 
(1 um). The absorption factor was calculated 
from the expression of Goldstein et al.®° The 
sum of Ka and K8 was used, so that a= 1. Be- 
cause of the considerable debate that has oc- 
curred over the best expression to use for the 
cross section, both a nonrelativistic (Bethe) 
and a relativistic (Williams) equation were 
used (Goldstein et al.°). Both cross sections 
were calculated with the constants described by 
Powell. When taken as a ratio, Qgpe/Qsj at 100 
keV is actually insensitive to the choice of 
cross section, whether relativistic or non- 
relativistic. 

Table 1 reports the measured count ratio 
(with the associated measurement statistics 
based on the number of counts above background 
and the relative standard deviation observed 
for five measurements) and the calculation of 
Cgi/Cpre and Cyg/Cpe from the two different ex- 
pressions for Q. These calculated concentra- 
tion ratios are compared in Table 1 with the 
mass concentration ratio and the atom concen- 
tration ratio as calculated from the certified 
concentrations in SRM 2063, It is clear that 
the certified mass concentration ratio is in 
good agremeent with the concentration ratio 
predicted from Eq. (5). The assumption of mass 
concentration rather than atom concentration 
for AEM quantitation is thus confirmed as 
reasonable. 


Discusston 


The AEM thin-film experiment confirms the 
choice of mass concentration ratios for inter- 
element measurements in the thin-foil case. It 
seems reasonable to assume that this finding 
would be confirmed for intraelement measurements, 


( single determination 1s=1 8%) 
(RSD for five measurements = 2 8%) 


i.e., intensity-ratio measurements involving a 
Single element in separate unknown and standard 
foils. Once this point has been established 
for the infinitesimal-foil case, it is clear 
that x-ray generation for a thick bulk speci- 
men can be approximated as a sequence of in- 
finitesimal layers, with appropriate adjust- 
ments for the loss of electrons due to back- 
scattering and the decrease in energy due to in- 
elastic scattering as the beam penetrates into 
the specimen. The mass concentration depen- 
dence for characteristic x rays found in the 
case of the thin foil should also be correct 
for bulk targets as stated in Castaing's first 
approximation. 

Although we have demonstrated empirically 
that mass concentration is the appropriate 
choice for scaling characteristic x-ray inten- 
sities in alloy thin foils, is there a theoret- 
ical basis for this choice? Since the choice 
of mass concentration holds for the simplest 
case, that of the foil, such a basis must come 
directly from the formulation for x-ray gener- 
ation given by Eq. (4). Cross sections are 
usually thought of as having dimensions of 
area (cm?), but when the "dimensionless"! terms 
are included, a more rigorous description of 
the cross-section dimensions is events/inci- 
dent particle/(atom/cm?). In fact, the com- 
plete definition of the dimensions of the 
cross section is (events/cm*)/[(incident par- 
ticle/cm?) (atom/cm?)]. This full description 
consists of terms that describe the exciting 
beam (incident particle/cm?), the target (atom/ 
cm>), and the product of the interaction with 
the target (events/cm*). Obviously the terms 
containing the dimensional unit cm* in the 
numerator and denominator of the expression 
cancel, giving the dimensionality with the 
term "atoms/cm? ." 

The origin of the use of mass concentration 
for scaling mixtures arises in this particular 
form of the dimensionality of the cross section. 
In Eq. (5), if the term involving the ratio of 
atomic numbers is removed, the predicted con- 
centration ratio actually agrees with the atom 
concentration ratio. When an atom concentra- 
tion ratio is divided by the ratio of atomic 
weights, it is converted into a mass concen- 
tration ratio. Having the “per atom" term in 
the ionization cross section requires the use 
of the ratio of Avogadro's number to the atomic 
weight as a multiplicative factor in Eq. (4). 


217 


If the cross section for ionization had been 
defined, however illogically, on a basis that 
did not include a "per atom" term (for example, 
if mass thickness had been used), the atomic 
weight would not appear in the sequence of mul- 
tiplicative terms. The scaling of mixtures 
would then take place on the basis of atomic 
concentrations. Thus, somewhat contrary to ex- 
pectations, the use of a "per atom" term in the 
cross section results in mass concentration 
scaling, whereas the use of a "per mass'' term 
would result in an atom concentration scaling! 
Mass concentration scaling of characteristic 
X-ray measurements in quantitative electron 
probe analysis is therefore a direct conse- 
quence of the way in which the dimensionality 
of the basic cross section for inner shell ion- 
ization is defined. 
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THE APPLICATION OF A NUMERICAL PROCEDURE IN THE CALCULATION OF THE ATOMIC- 
NUMBER CORRECTION IN ELECTRON PROBE MICROANALYSIS 


R. L. Myklebust and C. E. Fiori 


The conventional procedure to convert relative 
x-ray intensities into concentration values is 
to consider separately the effects of x-ray 
generation, absorption, and fluorescence (ZAF). 
Electron beam x-ray microanalysis is a mature 
field spanning 38 years since Castaing's thesis. 
The data on which the ocnventional quantitative 
theory is based were taken many years ago, and 
the mathematical form of the equations was de- 
veloped during this period of slide rules and 
mechanical calculators. It could only be ex- 
pected that the required simplifications con- 
cealed the underlying physical principles. 

During the last several years, small labora- 
tory computers have become sufficiently power- 
ful to permit the evaluation of a more physical- 
ly explicit formulation of these equations in a 
reasonable time. We feel that the conventional 
formulation, but with all the currently avail- 
able physics and recent parameterizations ex- 
plicitly included, results in a very robust 
and accurate algorithm to convert x-ray inten- 
sity ratios to elemental concentrations. Since 
our field is still evolving, a flexible formu- 
lation of the quantitative algorithm allows 
easy modification to include new knowledge as 
it becomes available. 

This communication discusses the use of an 
appropriate numerical procedure to compute the 
various quantities required in the x-ray gener- 
ation term (atomic-number correction) of a con- 
ventional ZAF procedure. 

The conventional ZAF procedure divides the 
atomic number correction into two components: 
the x-ray loss due to backscattered electrons 
and the electron stopping power. There have 
been several formulations for the x-ray loss 
due to backscattered electron (1 - R) that have 
appeared in the literature in the past few 
years.'~® Myklebust and Newbury’ have recently 
compared all the currently used expressions for 
R and have proposed an equation that requires 
the full integration of the expression due to 
Webster et al.,° 
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Eq 
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where w is the reciprocal of the overvoltage 
U = E/Eo, the beam voltage is Eo, and the x-ray 
excitation potential is Ex. The formulation of 
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lytical Chemistry, National Institue for Stan- 
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the energy distribution of backscattered elec- 
trons, d /dw, employed was that of Czyzewski 
and Szymanski: ? 

italy 


(i < we Cl+p) 64 -~s + [s/(l - wt)P}}2 
1.6, p = (0.8 + 2) In(1/n), 
0.1054 {2P - 1 + [1/(2.25 cos a) JP} (2) 
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n is the electron backscatter coefficient, and 
a is the lectron beam incidence angle. This 
equation was parameterized by Czyzewski and 
Szymanski from the data of Darlington.?° My- 
klebust and Newbury’ compared the energy dis- 
tributions computed with this expression to 
Bishop's data‘* and to their own Monte Carlo 
calculations and found the predictions of 

Eq. (2) to be in good agreement with all three 
data sets. 

For the characteristic K-shell cross sec- 
tion, we have selected a cross section proposed 
by Fabre de la Ripelle*® and recommended by 
Powel1,** which is a modification of the Bethe 
cross section for the K-shell that is satis- 
factory near the threshold for ionization: 


Q = Cf{In U/[U + 1.32)E,2]} (3) 


where U is the overvoltage and C contains all 
of the constant terms. This function is math- 
ematically well behaved in the closed interval 
between Ex, and Eo, which is a requirement in 
the numerical procedures described below. We 
are currently evaluating similarly appropriate 
expressions for the L and M shells. 

The stopping power S is traditionally de- 
rived from the well known Bethe law for the 
slowing down of electrons in matter :7?* 
¢ $e In (1.166E/J) 


S = (4) 


trf— 


where J is the mean excitation energy of an 
atom. A generally accepted expression for J is 
due to Sternheimer,*° 


J = 2(9.76 + 58.8zZ71-19) (5) 

This form of the stopping power is mathemat- 
ically poorly defined for low electron energies 
and introduces an asymptote in the volume to be 
integrated. To avoid this problem, we have em- 
ployed a recently proposed empirical expression 
by Pouchou and Pichoir,* which is equivalent to 
the Bethe expression between 30 and 50 keV and 
is well behaved at low energies: 
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(6) 


where M = C25 /4 


J. = 0.0012, [10.04 + 8.25 exp(-2,/11.22)] 
3 Pr 
f(V) = 21 DV 


and with Dy = 6.6 x 1076 


V= E/J 


Do = 1.12 x 107 (1.35 ~ 0.4532) 
Ds 22.0 * 1078/0 

P, = 0.78 

Po = 0.01 

P3 = -(0.5 - 0.25J) 


Pouchou & Pichoir 


5. 10. 
E(keV) 
FIG. 1.--Slowing down of electrons in silicon 
as predicted by Bethe law (Eq. 4) and by the 
expression of Pouchou and Pichoir (Eq. 6). 
low energies the Bethe law drops quickly to 
negative infinity. 


15. 


At 


Figure 1 is a comparison of this function 
with that of the Bethe law, where S is plotted 
vs electron energy for silicon. It is obvious 
that the Bethe law is not satisfactory, be- 
cause as the quantity 1.166E/J becomes less 
than one, S decreases rapidly to a very large 
negative value and produces an asymptote. 

In Fig. 2, the volume below the surface 
(dn/dw) (Q/S) from w = wK to 1 and E = Ex to 
wE9 represents the number of x rays lost due 
to backscattered electrons. The plots in Fig. 
2 are the full surfaces from w - wk to 1 and 
E = Ex to Eo. What we integrate is the volume 
under the surface and to the rear of the diag- 
onal plane shown in the figure. Except when 
w = 1, the surface is continuous and slowly 
varying. This class of function is well suit- 
ed to a Romberg form of numerical integra- 
tion.?® The Romberg algorithm is quite power- 
ful for sufficiently smooth analytic inte- 
grands, which are integrated over intervals 
that contain no singularities, and with end- 
points that are also nonsingular. If these 
conditions are met, the Romberg algorithm is 
considerably faster than alternative numerical 


20. 


procedures. We note that in the denominator 

of Eq. (2), a singularity occurs as w approach- 
es 1. To permit the use of the closed form 
version of the Romberg algorithm, we set the 
upper integration limit of w to 0.9999 instead 
of 1. This minor modification produces an in- 
consequential error. One of the parameters 
used in the Romberg integration is a quantity 
known as the extrapolation error estimate. 

This quantity imposes a trade-off between accu- 
racy and speed. We have determined that in the 
FORTRAN program we are using,*® this value 
should be 0.00005. 


Discusston 


Integration of the denominator in Eq. (1) 
produces a quantity proportional to the total 
x-ray generation from a particular absorption 
edge of energy Ex for electrons of energy Eo 
in a target of atomic number Z. The double in- 
tegration in the numerator of Eq. (1) yields a 
quantity proportional to the number of x rays 
lost due to backscattered electrons from the 
target. Therefore, the ratio in brackets in 
Eq. (1) represents the fraction of the total 
X-ray generation that is lost due to the back- 
scattering of electrons from the specimen and 
R is the fraction of x rays that are generated. 

The integration of Q/S has been performed 
explicity, in closed form, by Philibert and 
Tixier?’ by use of the logarithmic integral. 
This form was employed by Henoc et al. in the 
quantitative analysis program COR.*® This 
technique puts severe restrictions on the form 
of both Q and S to satisfy the conditions for 
the logarithmic integral and makes it difficult 
to change the expression for either Q or S. 
Numerical procedures are more flexible and al- 
low expressions of any form to be integrated. 
This type of computation was not practical un- 
til recently when fast, small, and inexpensive 
computers have become readily available. 

The method described in this paper produces 
R values that are very similar to values ob- 
tained by several recently published methods. 
The R values computed by the integration method 
are plotted in Fig. 3 together with the values 
calculated with four diferent expressions. 

That does not mean that these values are ac- 
curate, since the results depend heavily on the 
expressions used for the x-ray generation cross 
section and the slowing down of the electrons. 
This method described in this paper is designed 
so that when more accurate expressions become 
available, they can easily be introduced into 
quantitative analysis procedures, 
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FIG, 3.--Comparison of R values for K x rays of 
range of elements from each pure element. Re- 
sults from four published methods are shown 
together with values obtained for several ele- 
ments by the method described in this paper. 


electron probe microanalysis," J. Phys. D11: 
1369, 1978. 

4, J.-L. Pouchou and F. Pichoir, "Basic ex- 
pressions for PAP computation for quantitative 
EPMA,"' Proc. tlth ICXOM, 1986, 249. 

S. H.-J. August, R. Razka, and J. Wernisch, 
"Calculation and comparison of the backscatter- 
ing factor R for characteristic x-ray emis- 
sion,"' Seanntng 10: 107, 1988. 

6. Z. Czyzewski, "Backscattering factor of 
the ZAF-correction procedure in quantitative 
electron-probe microanalysis," Phys. Stat. Sol, 
A92: 563, 1985. 

7. R. L. Myklebust and D. E. Newbury, The R 
Factor: The XOray Loss Due to Electron Back- 
seatter, NIST Special Publication (in press). 

8. D. L. Webster, H. Clark, and W. W. Han- 
sen, "Effects of cathode-ray diffusion on in- 
tensities in x-ray spectra," Phys. Rev. 37: 
TIS 5. 19515 

9. Z. Czyzewski and H. Szymanski, Proc. 
ICEM 1%. 1982, 2601. 

10. E. Darlington, "Backscattering of 10- 
100 keV electrons from thick targets," J. Phys. 
D8: 85, 1975. 

11. H. E. Bishiop, "Some electron backscat- 
tering measurements for solid targets," Proc. 
4th ICXOM, 1966, 153. 

12. M. Fabre de la Ripelle, “Etude sur les 
coefficients specifiques d'ionisation," ¢/. 
Phys, (Paris) 10: 319, 1949, 


LOth 


221 


13. C. J. Powell, Evaluatton of Formulas for 
Inner-shell Ionizatton Cross Secttons, NBS 
Special Publ. 460, 1975, 97. 

14. H. A. Bethe, "Theory of the transmission 
of corpuscular radiation through matter," 

Ann, Phys. 5: 325, 1930. 

15. R. M. Sternheimer in K. F. J. Heinrich, 
Ed., Electron Beam X-ray Microanalysts, New 
York: Van Nostrand Reinhold, 1981, 231. 

16. W. H. Press, B. P. Flannery, S. A. Teu- 
koisky, and W. T. Vetterling, Nwnerical Rect- 
pes, Cambridge: Cambridge University Press, 
1986, 114. 

17. J. Philibert and R. Tixier, Some Prob- 
tems with Quantitative Electron Probe Micro- 
analysts, NBS Specl. Pub. 298, 1968, 13. 

18. J. Henoc, K. F. J. Heinrich, and R. L. 
Myklebust, A Rigorous Correctton Procedure for 
Quantitative Electron Probe Microanalysis 
(COR 2), NBS Tech. Note 679, 1973. 


222 


P E. Russell, Ed., Microbeam Analysis—1989 
Copyright © 1989 by San Francisco Press, Inc., Box 6800, San Francisco, CA 94101-6800, USA 


AN EVALUATION OF X-RAY ABSORPTION EXPRESSIONS FOR PURE AND MULTIELEMENT TARGETS 


J. A. Small and R, L. Myklebust 


Definitions of Terms 


I* = emitted x-ray intensity 

Io = generated x-ray intensity 

Eo = acceleration potential of electron 
beam 

Eo = critical excitation potential of the 


line of interest 
u/p = mass absorption coefficient 
= x-ray emergence angle 
xX = (u/p)ese 
atomic number of the sample 
= atomic weight of the sample 
Iy = the x-ray intensity for a given emer- 
gence angle p 
Imax = the x-ray intensity at the maximum 
emergence angle measured for a given sample 


PN 
iow 


In routine electron-probe analysis involv- 
ing samples that are electron opaque, polished, 
and conductive, the mechanisms describing the 
interaction of the beam electrons with the 
target atoms and the subsequent x-ray genera- 
tion, absorption, and detection are well 
known. Various correction procedures are cur- 
rently available for routine quantitative 
analysis that offer accuracy, on the order of 
2% relative.+ There are several important 
classes of samples and analytical conditions 
for which accurate quantitative analysis is 
not possible because the various mechanisms 
of electron-beam specimen interactions and x- 
ray generation and absorption are not suffi- 
ciently well known. An important example is 
analysis under high-absorption situations, 
which is the case in light-element analysis. 

We have previously described the design of 
an electron optical bench for the study of 
X~ray microanalytical parameters.? The ini- 
tial experiment proposed for the instrument 
was the study of the x-ray absorption term 
£(x): 


r=", 


For this study we measured the emitted x-ray 
intensities from electron-opaque targets at 
several different x-ray emergence angles. 
Since it is possible to measure only the emit- 
ted x-ray intensities from a given target and 
not the generated intensities, it is necessary 
to apply a correction factor to the experimen- 
tal data to obtain the correct f(y) values. 

In our earlier work we followed Green, who 
used a graphical method to obtain the correct 
f(x) values from the emitted intensity ratios 


(1) 
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by extrapolating xy to zero.3 In this work, as 
shown in Eq. (2), we use a numerical method for 
this correction multiplying the experimental 
ratios by an f(x) term calculated from the 
quadratic model at the largest emergence angle 
measured for the sample. 


I 


fWOy= 7 £(X) ax 2 gs re =a (2) 


In general, we feel that correcting the data 
with an existing model is preferable to the 
fitting of the experimental points since the 
value of the ratio at x = 0 from the extrapo- 
lation is highly dependent on the minimum 
angle included in the data set. 

The selection of the quadratic model, de- 
fined in Table 1, is somewhat arbitrary. Any 
of the various absorption models would be 
suitable since they all accurately predict ex- 
perimental results for high x-ray emergence 
angles. This method of correction was not 
available to Green at the time of his investi- 
gation. 

For this experiment, two different sample 
compositions were studied, elemental Si and 
FeS,. Experimental measurements were taken on 
the Si target at beam energies of 20 and 30 
keV, and on the FeS, target at 20 keV. At 
least two measurements were taken at each x- 
ray emergence angle. The uncertainties in 
f(x) are expressed as vertical bars and are 
the combined uncertainties resulting from the 
propagation of Poisson counting statistics for 
both the numerator and the denominator. The 
measurement uncertainty of y, estimated at 
0.1°, is indicated on the plots as horizontal 
error bars for each angle. The experimental 
data and the literature models plotted as 
1/f£(x) vs x are shown in Fig. 1. The curves 
for the various literature models displayed 
in Fig. 1 are not fits to the experimental 
data but represent independent calculations of 
f(y) for a given target and a given set of ex- 
perimental parameters. The formulations of 
the four absorption models studies are listed 
in Table 1. 

To evaluate the performance of each model, 
we constructed residual plots that display the 
% deviations among the several models and the 
experimental data defined according to 


% res = 100{[f(x%)model - f(x)exp!/ {(XJexp} (7) 


The evaluation of the performance of a given 
model was based on two criteria: the magni- 
tude of the residuals and the structure ob- 
served in the plot of the residuals vs the 
x-ray emergence angle. The better the perfor- 
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TABLE 1.--Summary of literature models for f(x). 
Quadratic---- Heinrich4 


fy) = (141.2 x 10°) | (3) 


where = (E5® - ad and x = (u/p) cscy 


ee ee ee neem ee tae He kkk catkins eee HDNet ate ne mn mnt mmmtmememwh wh M MieHnHly mee 


Duplex----- Heinrichs 
2 
fly) = (1 + 1.65 x 10° yy} , (4) 
1+ of 1.65 x10 val] 


where ©. = 0.18 + 2/y + (8x 10-9) Ec + 0.005Vz 
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1 rire! h X 
f(x) = [2k 4 (5) 
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Pouchou? 
f(x) = LEX) + FoQx)/F (6) 
where F,, F,,and F are complicated integral expressions for 


which the reader is referred to reference 7 for details. 


224 


1/f(X) for Si at 20 keV 
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FIG. 1.--Plots of the experimental data and literature models for f(x). 


mance of a given model, the smaller the resid- 
uals and the less structure in the plots, with 
the values distributed randomly around zero’? 
For the purpose of this discussion, lack of 
structure is the absence of any discernible 
pattern in the residuals. 


Results 


The magnitude of the residuals from the 
different models are shown in Fig. 2. These 
plots show the ranges of the residuals from 
the models for three distinct regions of x: 
high absorption, xy > 10 000; medium absorption 
1000 < x < 10 000; and low absorption, x < 
1000. There is no high-absorption region for 
Fe because the Fe Ka x ray at 6.4 keV has a 
low mass absorption coefficient in FeS, and it 
was not possible to measure accurately angles 
low enough to provide x values in excess of 
10 000, 

An example of the information provided in 
these plots can be seen in the residuals for 
the low-absorption region. In this region, 
which corresponds to measurements taken at high 
emergence angles, the residuals have the 


smallest ranges and are the closest to zero. 

In general, for the targets studied, the low- 
absorption regions for all models are within 

the expected experimental uncertainties. 

The structure of the residuals for the dif- 
ferent models is shown in Figs.3 through 6. 
These figures are residual plots vs x-ray emis- 
sion angle for the various targets. In all 
cases, the duplicate runs at each emission 
angie were averaged and displayed as a single 
bar. An example of what is meant by structure 
can be seen in the Philibert and Pouchou resid- 
ual plots for Si at 20 keV (Fig. 3). The re- 
sidual plot for the Pouchou model has minimal 
structure, remaining relatively flat for all 
emergence angles. In contrast, the residual 
plot for the Philibert model has considerable 
structure with increasing negative residuals 
over almost the entire range of angles. 


Cone Lustons 


Based on the results of this initial study 
we were able to draw the following general con- 
clusions regarding the performance of the 
several absorption models. 
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FIG. 2.--Plots of residual ranges from the various models. 


a. The performance of a given model depends 
on the target composition as well as xy. The 
following is a list of which models performed 
best on a given target. 


1. Si 20 and 30 keV (Pouchou) 
2. Fe in FeS, (duplex) 
3. S in FeS, (quadratic) 


b. Of the four models studied no single mod- 
el outperformed the others for all targets and 
conditions. 

c. For the targets and conditions studied 
in this experiment, all the models have some 
structure in their residual plots. As a re- 
sult it should be possible, with an expansion 
of the experimental database, to improve the 
formulation of the absorption term used in 
microanalysis. 
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FIG. 3.--Residual plots vs xy for Si at 20 keV. 
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FIG. 4.--Residual plots vs x for Si at 30 keV. 
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FIG. 5.--Residual plots vs y for Fe in FeS, at 20 keV. 
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FIG. 6.--Residual plots vs xy for S in FeS2 at 20 keV. 
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ESCAPE AREA OF SINGLY AND PLURALLY BACKSCATTERED ELECTRONS IN THE SCANNING ELECTRON MICROSCOPE 


0. C. Wells 


The (totally different) escape areas of the 
diffused backscattered electrons (BSE) and of 
the (collectively) singly or plurally scat- 
tered BSE in the scanning electron microscope 
(SEM) can be calculated from the observed ener- 


Elektronensonde 


Eintritts-Oberflachensekundar- 
strahlung (nutzbare Strahlung) 


gy spectrum of BSE from a solid target with nor- riickdiffundierte Strahlung 


mal incidence. 


One does it by assuming that all BSE with the 
same energy have penetrated for the same dis- 
tance in the target, and that they then emerge 
uniformly within a circle of radius equal to 
that distance. The logarithm of the total 
emission density as derived in this way is 
plotted against the radius squared. The 
straight part of this curve as extrapolated to 
the axis gives the diffused BSE distribution. 
A shraply rising excess near to the axis gives 
(collectively) the singly and plurally scat- 
tered BSE. 

The high-magnification secondary-electron 
(SE) image of a solid sample in the scanning 
electron microscope (SEM) is affected by SE ex- 
cited by backscattered electrons (BSE). The 
spatial distribution of the BSE is therefore 
important and is discussed here. BSE can be 
divided into single scattered, plurally scat- 
tered, or diffused BSE based on the number of 
elastic scattering events, where the word "dif- 
fused" implies that the motion is equally like- 
ly in all directions.+ It is to be expected 
that the diffused BSE will excite SE with a 
Gaussian distribution over an area with a radi- 
us comparable to the electron penetration 
depth, whereas singly and plurally scattered 
BSE will excite SE closer to the entry point of 
the electron beam. 

The expression "high resolution" as applied 
here to the SE or BSE image means that the es- 
cape area for some specified type of SE or BSE 
is considerably smaller than the escape area 
for the diffused BSE. Recently, Peters (1989) 
has suggested that singly and plurally scat- 
tered BSE might emerge sufficiently close to 
the incident beam so as to modify significantly 
the high-resolution SE image in the case when 
a low-density specimen is covered with a thin 
high-density metal film. We must therefore ask 
how much these BSE might affect the high-resolu- 
tion SE image in other situations, also. 

Initially it was believed (in effect) that 
only SE excited by the incoming beam and by the 
diffused BSE were important for the formation 
of the SE image. Thus, von Ardenne (1940), with 
reference to his diagram shown in Fig. 1, wrote 
(free translation): 
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The first step is to obtain the und deren Oberflachensekundar-  { ter 
spatial distribution of the total BSE emission. emission (schddliche Strahlung), a 
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FIG. 1.--Electron penetration into solid target 
in SEM showing primary-excited and BSE-excited 
Se (relettered from von Ardenne 1940). 


" .. the diameter of the specimen surface 
traversed by the BSE current |["reverse-diffus- 
ing-radiation"] is larger than the diameter of 
the incoming electron beam ["diameter of the 
exposed part of the object zone'']. One may 
therefore assume that the BSE current does not 
vary with the position of the probe, so that 
only changes in the SE-I signal ["entrance- 
surface-secondary-radiation"] are observable. 
The BSE current is therefore harmful because 
it reduces the image contrast. . . . The image 
contrast would have be reinforced again by com- 
pensating measures taken at the output of the 
secondary emission amplifier." 


Independently of the above, Everhart et al. 
(1959) wrote: 


"Another factor . .. is the production of 
secondary electrons by reflected electrons. 

. . their number is unlikely to bear much re- 
lation to the condition of the surface at the 
point of entry of the primary beam. It seems 
probable therefore that these secondaries ... 
will contribute to the background noise rather 
than to signal in a high-resolution micrograph. 
At lower resolution, when the escape area of 
these electrons does not exceed the dimensions 
of a picture element, they will contribute 
usefully to the signal." 


Pease and Nixon (1965) wrote: 


"At high magnifications . . . only the pri- 
mary excited secondaries contribute usefully 
to the signal. The backscattered electrons 
and the backscattered excited secondaries 
emerge from outside the picture element and in 
general appear as spurious signal." 


eed 


The same idea is described in later papers 
also. As a part of the above discussion, the 
spatial distribution of the primary-excited SE 
was calculated on the assumption that the in- 
coming electrons penetrate along a straight 
line, with a constant probability of SE excita- 
tion, to below the escape depth for the SE 
(Wells 1957). 

At the present time, SE that are excited by 
primary electrons at the point of incidence 
are referred to as SE-I, whereas SE-II are ex- 
cited by the BSE at the surface of the speci- 
men and SE-III from the surrounding objects in 
the specimen chamber (Peters 1982). Ideally, 
the SE-II should be subdivided into those that 
arise from singly scattered, plurally scat- 
tered, or diffused BSE. The situation can be- 
come quite complicated, for example, if an in- 
coming electron is scattered out of the speci- 
men again before passing below the escape 
depth of SE, or if the incident energy is such 
that the penetration depth is small in compari- 
son with the beam diameter. Here, it is as- 
sumed that the incident electrons penetrate to 
a depth that is considerably greater than ei- 
ther the beam diameter or the SE escape depth. 

Singly and nlurally scattered BSE in the for- 
ward scattering direction from a tilted solid 
sample have been used for many years in the SEM 
to give either the reflected electron image 
(with no energy filter) or the low-loss electron 
image (with an energy-filtering detector) 
(McMullan 1953, Wells 1971). Ong (1970) formed 
high-resolution BSE images from low-density bi- 
ological samples by coating them with heavy 
metal. In all these cases, BSE are scattered 
by only one (or at most only a few) wide-angle 
scattering events. 

Cosslett and Thomas (1965) measured BSE from 
thin films of copper and gold and concluded 
that 50% arose from single scattering. Murata 
(1974) published Monte Carlo calculations of 
the BSE escape area from a solid target at right 
angles to the beam, and found a strong central 
peak. He calculated that about half of the to- 
tal BSE was from singly and plurally scattered 
electrons. The question is whether the escape 
of singly and plurally scattered BSE will be 
sufficiently localized for these electrons to 
contribute usefully to the high-resolution com- 
ponent of the SE image. If that is the case, 
then the central peak that was described by 
Murata can be expected to have a significant ef- 
fect in high-resolution SE imaging in general. 


Escape Area of BSE: Theory 


Murata calculated the escape area for BSE by 
the Monte CArlo method, in which electron tra- 
jectories are simulated by use of random numbers 
and electron scattering data. Here, we try a 
different approach that can be applied in the 
case of normal electron incidence; we estimate 
the escape area from published BSE energy dis- 
tribution curves without making any detailed 
assumptions about the individual scattering 
events in the target. To do so we must make two 
main assumptions (either of which can be changed 
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0.0 1.0 
FIG. 2.--(a) Solid lines: energy spectrum of 
BSE from Pt, Ag, Cu, and Al with normal elec- 
tron incidence for 20 keV < Ey < 40 keV with 
arbitrary vertical scale (from Kulenkampff 

and Spyra 1954). Dashed line: Normalized 
range from Eq. (8). (b) Spatial distribution 
of BSE from Pt as calculated from (a) by pres- 
ent model, 


later should the need arise). The first is the 
continuous slowing-down approximation, in 
which any BSE with energy E has penetrated for 
the same distance Rpw(E) through the target as 
given by the Thomson-Whiddington law. It is 
clear that these BSE must emerge in some manner 
within a circle of radius R equal to Ryw(E). 
It is assumed here that the emission of BSE of 
energy E is uniform within this circle. 

Four quantities characterize the escape of 
BSE from a solid target (Fig. 2): 

First is N(E)dE, which is the probability of 
a BSE in the energy range from E to E + dE at 
any point on the surface for a single primary 
electron, where N(E) has the dimensions proba- 
bility per eV. Thus the solid lines in Fig. 
2(a) show the energy distribution of BSE from 
Pt, Ag, Cu, and Al with normal electron inci- 
dence as measured by Kulenkampff and Spyra 
(1954). In what follows, it is helpful to 
think in terms of vertical strips of height 
N(E) and width dE under these curves, each of 
which corresponds to a circular emission area 
of radius Rypw(E) on the surface of the specimen. 

The next important quantity is the probabil- 
ity density function N'(E,R)dE per cm? of a 
BSE in the energy range from E to E = dE at 
distance R from the incident electron beam 
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(again, for a single primary electron). Thus, 
if the BSE of energy E emerge uniformly within 
circle of radius Rtw(e), we obtain the total 
probability density N'totai(R) per cm? by add- 
ing together the contributions of the disks 
shown in Fig. 2(b), each of which corresponds 
to one of the vertical strips in Fig. 2(a). 

The probability that a single primary elec- 
tron will give rise to a BSE within a distance 
R of the probe in two ways. First is n(R), 
which one obtains by integrating the density 
function N'totqi(R) times the radius from the 
origin out to radius R. Thus, if a pixel in 
the image corresponds to a circle of radius 
Rpixe] on the surface of the specimen, then 
n(Rpixe1) is the probability that a BSE will be 
emitted within the pixel on the specimen sur- 
face. 

Finally, it is possible to argue that the 
signal-to-noise ratio of the recorded image 
should be calculated from a slightly smaller 
number nsnr(R), which one obtains by summing 
the contributions of disks having a radius 
smaller than Rpixel while ignoring the central 
regions of the larger disks as being part of the 
background. 

These four quantities will now be considered 
in more detail. The BSE coefficient n is ex- 
pressed in terms of N(E) as follows: 


Eo 
Sf  N(E) dE =n 
0 


(1) 


The normalized energy distribution N,(U) is de- 
fined by 


N(U) = Eo N(E) (2) 
where Eg is the incident energy, and 
E/Eo = U (3) 
from which 

1 

f N(U) dU =n (4) 


0 


The related functions n(R) and nsnp(R) are given 
in Eqs. (13) and (14) below. 

According to the Thomson-Whiddington law, 
the thickness Rpw(E) of a self-supported film 
having a most probable exit energy E for the 
transmitted electrons is given by 


RywCE) = k (E,? - 8?) (5) 


where k is a constant (Whiddington 1912 and 
1914; Terrill, 1923). The electron range Ro is 
given by putting E = 0: 


R = Ro 60) = k E (6) 


The normalized penetration depth R,(U) is given 
by 
RC) 


" 


(73 
(8) 
The dashed line 


Rey CE/R, 
=1- U? 


from Eqs. (3), (5), and (6). 


229 


in Fig. 2(a) shows Ry(U) as a function of U. 
The probability N'(E,R)dE per cm? of a BSE 
inthe energy range from E to E + dE at dis- 
tance R from the incident electron beam is de- 
rived from the appropriate vertical strip un- 
der the BSE spectrum curve in Fig. 2(a). Thus, 
if the BSE in the energy range from E to 
E + dE emerge uniformly within the circle given 
by 0 < R < Ryw(E), then 


N(E) dE 


TRey’ CE) 


and is zero if R> Rytw(E). The total probabil- 
ity density of BSE N'tota1(R) per cm? per in- 
cident electron at radius R is obtained by in- 
tegration of N'(E,R) on E for the circular con- 
tributions that extend to or beyond R: 


E(R) 
N cota = f 


N'(E,R) dE = if R < Rpy(E) (9) 


N'CE,R) dE (10) 


where E(R) is the energy of BSE corresponding 


to a penetration distance equal to R. It fol- 
lows that 
E(R) 
Wh ena i see eG 
, mR ? co (E2/E ?)? 
U(R) 
ais) NW) ay (12) 
mR 2 (Pee U4)* 


from Eqs. (8) and (9), where U(R) is the value 
of U corresponding to radius R. 
The functions of y(R) and nsnr are given by 


(13) 


Eo 


Novp(R) = i N(E) dE (14) 


Escape Area of BSE: Numertcal Caleulattons 


numeri- 
follows. 


The above theory was applied to the 
cal data for Pt and Al in Fig. 2(a) as 
We plotted curves for ngyr(R) as given by Eq. 
(14) by estimating the areas under the BSE en- 
ergy distribution curve and then normalizing 
so that nonr(Ro) = 1. Plots for Pt and Al are 
shown in Fig. 3. The curve for Pt shows a 
higher concentration of emitted BSE closer to 
the beam, as is to be expected from the greater 
proportion of faster BSE for Pt as shown in 
Fig. 2(a). 

The BSE spatial density distribution func- 
tion shown in Fig. 2(b) was derived from the 
curve for Pt in Fig. 2(a) as follows. First, 
the U axis in Fig. 2(a) was divided into five 
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FIG, 3,--Plots of nonp(R)/nonp(Ro) for Pt and 
Al. 
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0 0.2 0.4 0.6 1.0 
FIG, 4,--Plots of log N'totai(R) vs R,?; circles 
show midpoints of vertical steps in Fig. 2(b) 
with arbitrary vertical scale. (a) Curve for 
Pt. (b) Curve for Al. Both curves have 
straight portion corresponding to Gaussian dis- 
tribution of diffused BSE, with peak at R = 0 
corresponding to singly and plurally scattered 


BSE. 


0.8 
U = E/E,-- 


FIG, 5.--Data from Fig. 4 replotted with linear 


0.0 1.0 


axes: (a) Extrapolated straight line in Fig. 
4 shows escape density for diffused BSE. 

(b) Residual emission (plotted with vertical 
scale reduced by factor of 20) shows collec- 
tively contribution of singly and plurally 
scattered BSE. 

FIG, 6.--Data from Fig. 4 referred back to BSE 
energy distribution curves for Pt and Al. 
Dashed lines show approximate delineation be- 
tween diffused BSE (below dashed line), and 
collectively singly and plurally scattered BSE 
(above). 


strips of width U = 0.1 in the range 0.3 < U < 
0.8 and into four strips of width U = 0.05 for 
0.8 < U< 1.0. Then, starting from U = 0, 
each strip was transformed into a disk of radi- 
us equal to the height of the dashed curve in 
Fig. 2(a) and of thickness given by Eq. (9). 
These disks are stacked in Fig. 2(b) to show 
the spatial distribution of BSE density. The 
surprising result is how rapidly the disks in- 
crease in thickness as the axis is approached. 
Thus, the remaining three disks that are above 
the diagram at the center of Fig. 2(b) (tye. 
for U > 0.85) reach a total height more than 
seven times the height shown. 

The data for Pt are shown on a plot of 
log N'5¢41(R) against R,? in Fig. 4(a), where 
the circles correspond to the midpoints of the 
vertical steps in Fig. 2(b). The corresponding 
curve for Al is shown in Fig. 4(b). Over the 
range 0.2 < Rp* < 0.95 the points lie ona 
straight line, which gives the Gaussian distri- 
bution expected for the diffused BSE. For 
points close to the beam there is a sharp in- 
crease in emission, corresponding to the singly 
and plurally scattered BSE. 

Figure 5(a) shows the data points on the ex- 
trapolated straight line in Fig. 4(a) with lin- 
ear scales to show the spatial distribution of 
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the emission density of the diffused BSE. Fig- 
ure 5(b) shows the excess emission density of 
BSE close to the beam with the vertical scale 
factor smaller by a factor of 20 in comparison 
with Fig. 5(a). We see a component of BSE 
emission density that is sharply peaked on the 
axis, as is to be expected from singly and 
plurally scattered BSE. 

By reversing the steps of the calculation, 
the probability density of the diffused BSE was 
referred back to the energy-distribution curve 
for BSE. In Fig. 6, the diffused BSE are below 
the dashed line and consist mainly of the fast- 
er BSE. By measuring the areas under the 
curves, we find that the fraction of n that cor- 
responds to singly and diffused BSE is 80% of 
the total for Pt, whereas for Al the fraction 
is 120%. (There were some rounding errors in 
the reverse calculation, so these results are 
preliminary.) These curves show that the sing- 
ly and multiply scattered BSE have higher ener- 
gy than the diffused BSE,and Fig. 4 shows that 
they emerge more closely to the incident beam. 


Diseusston 


These calculations confirm that for both Pt 
and Al, approximately half of the singly and 
multiply scattered BSE emerge within a distance 
of about 0.2Ry of the incident beam, and that 
the emission density increases rapidly within 
circles that are still smaller. It is there- 
fore quite in order to suppose that they contri- 
bute usefully to the recorded image at magnifi- 
cations for which the diffused BSE give an ef- 
fectively uniform background, The low-loss part 
of the singly scattered signal (i.e., BSE that 
have lost less than 100 or 200 eV in being 
scattered from a solid target) can be expected 
to contribute usefully up to the highest magni- 
fications, and the fraction of unfiltered BSE 
that contribute usefully to the signal diminish- 
es as the magnification is increased. 

This method for calculating the BSE escape 
area is more limited than the Monte Carlo ap- 
proach because it cannot be applied with an ob- 
lique angle of incidence or with special speci- 
men geometries. However, it did seem to be 
worth while to determine what conclusions could 
be drawn from the published BSE energy-distribu- 
tion curves, and whether the way in which the 
shape of these curves changes with increasing 
atomic number can be related to the expected 
increase in singly and plurally scattered BSE. 

Certainly, it is encouraging to see the way 
in which the plots of log N'(R) against R? 
shown in Fig. 4 consists so clearly of a 
straight line that shows the contribution made 
by the diffused BSE, with a peak centered on the 
beam that corresponds to the singly and plurally 
scattered signal. By referring the data back to 
the energy distribution curve, we can make an 
estimate of the division of the BSE between the 
diffusion model as described by Archard (1961) 
and the wide-angle scattering model of Ever- 
hart (1960). 

As compared with Monte Carlo method, this 
model is based more closely on experimental 


data and does not involve any detailed assump- 
tions about energy loss or scattering events. 
The results obtained by this preliminary in- 
vestigation of the model are sufficiently en- 
couraging for the next step to be taken: 

write a computer program to process more of the 
available energy spectra for BSE and try var- 
ious ways of distributing the BSE with ener- 
gies between E and E + dE over the circle of 
radius Rpw(E). Allowance must be made for en- 
ergy straggling. Detailed comparisons must be 
made with results obtained by the Monte Carlo 
method. Also, furtheer investigations are 
needed of the allocation of the areas under 
the energy distribution curves for BSE between 
the diffused and more locally scattered elec- 
trons. 

This model shows a singularity in N'(R) at 
the origin if N(Eo) is nonzero. This singu- 
larity disappears when Ryw(E) is given a mini- 
mum value equal to the mean free path between 
inelastic scattering events. 
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FILTERED LEAST-SQUARES FITTING OF EDS SPECTRA WITH DERIVATIVE REFERENCES: 
PROBLEMS AND LIMITATIONS IMPOSED BY COUNTING STATISTICS 


T. E. Bostrom and C. E. Nockolds 


Systematic errors in fitted intensities are in- 
troduced when the filtered least-squares (FLS) 
method of spectrum decgnvolution?»* is used 
with spectra in which the centroid positions 
and/or the resolution differ from those of the 
reference spectra. These fit errors can be 
particularly serious when overlaps are in- 
volved.'»* There are several, mostly unavoid- 
able sources from which miscalibrations can oc- 
cur: the use of reference peaks obtained at 
different count rates; long- or short-term am- 
plifier instability; and changes due to expos- 
ing the detector to sudden massive count rates 
such as occurs when a grid bar in a TEM is 

hit, following which the electronics may take 
some time to restabilize. 

A moderate miscalibration can be generally 
corrected for by incorporating the first and 
second derivatives of the reference profiles in 
the fit.°>* In our experience this procedure 
works well with peaks with good counting sta- 
tistics; the corrected intensities remain ap- 
proximately within the statistical error.’ In 
addition, a good estimate of peak shift can be 
obtained from the derivative fit, as previously 
shown.’ However, a large statistical variation 
in the results is observed when derivatives are 
applied to peaks that are relatively noisy, 
such as peaks for minor elements with low 
weight fractions, or spectra from beam-sensi- 
tive biological materials. Derivatives can be 
omitted from very small peaks, since the sys- 
tematic error is within counting statistics, 
but for moderate peaks the systematic error can 
be significant. An overlap of a small peak by 
a large one presents a particular problem when 
miscalibration is present. Applying deriva- 
tives to both peaks decreases the precision of 
the fit, and produces a large statistical error 
for the small peak. Kitazawa et al.* used de- 
rivatives only with the large peak to resolve 
the K/Ca overlap, but in general this procedure 
would leave a systematic error in the over- 
lapped peak if it were of moderate size. 

In this paper we have examined the limita- 
tions due to counting statistics on the use of 
derivatives with relatively small peaks, of 
peak heights <1000 counts and intensities 
<12000 (at 10 eV/channel). We also suggest an 
improved procedure for dealing with miscalibra- 
tion in spectra containing both large and small 
peaks to be fitted. In this approach, the mean 
peak shift and resolution determinations from 
an initial derivative fit of the largest peaks 
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are used to fix these parameters for the 
smaller peaks during a subsequent fit of the 
spectrum. 


Methods 


Theory. From McMillan et al.,° if 
S'(E,e,t) represents a Gaussian S(E) of origi- 
nal width parameter o, after a centroid shift 
of « and new width o + tT, then 
6S 


SE 


& 


ats) 
SE* 

If S(E) is the reference peak and kp is the 
intensity factor between the unknown and the 


reference, then the equation actually solved 
is 


S'(E e647) = kopS + ki 


S'(E,e,1t) = S(B) - € + (to + de?) 


6S 
SE 


where k, = ~- koe, and kg = ko(to + $e). We 
can then solve for € and t, and calculate the 
shift and resolution change in eV after appro- 


priate scaling. 


Test Spectra and Calculations. Calcula- 
tions were mostly carried out on generated 
spectra to which a Gaussian noise function was 
applied. This function had been previously 
shown to simulate accurately the physical 
noise in real spectra. The generated spectra 
had the advantage that the centroid shifts, 
resolution changes, and intensities were known 
exactly. Routines were programmed in Micro- 
soft QuickBasic on an IBM PC/AT compatible 
microcomputer to carry out a full weighted 
filtered least-squares fit with derivatives, 
in which a 6 + 13 + 6 channel digital filter 
(at 10 eV/channel) was used. Reference peaks 
were generated at a FWHM (full-width-at-half- 
maximum) of 120 eV. A level background of 
height 100 counts was included. All peak in- 
tensities are expressed in terms of the inten- 
sity within 1.2 FWHM of the centroid. Results 
in the tables are given as mean + S.D. 

For some tests, real spectra were collected 
with an EDAX detector on a Philips 505 SEM, 
and calculated by use of a program (PVEDXT) 
written to carry out FLS fitting with deriva- 
tives on an EDAX PV9900 MCA system. 


Results 


Statisttcal Vartatton. To test the preci- 
sion of the derivative fit as a function of 
peak size and noise, unmodified generated peaks 
ranging in height from 0 to 1000 counts, with 
noise, were fitted, and the errors from 30 
replicate fits at each peak size are shown in 


TABLE 1.--Statistical variation in fitted 
intensities, estimated peak shifts, and resolu- 
tion changes as function of peak size. Peaks 
at 120 eV FWHM on background of height 100, 
with statistical noise. No centroid shift or 
resolution ey (n = 30). 


uo derivates | derivatives With derivatives 


Peak ha st Intensity Intensity Calc Cale resolution 
| 
o | 
| (« 55) + 53 | +93 
400 «=| «=~ 1098 joss «= |= «1094 069 -103 
(+ 64) + 85 , + 101 +298 +912 
200 2196 2203 2186 -0 08 -105 
{+ 72) + 62 +95 +192 +465 
500 5490 5487 5494 008 007 
(+ 92) + 86 + 145 £072 +246 
1000 10980 11005 71005 -0 04 -003 
(+ 118) + 127 + 139 +061 +171 


2 Expected statistical error /(1+2B), where | is the net intensity and 8 is the 
integral background count 
Not valid measurements for an unconstrained fit and zero peak 


Table 1. The statistical variation was always 
greater when derivatives were used, but the 
difference was less pronounced with the largest 
peak size. Similar calculations on real spec- 
tra from a carbon specimen containing small 
amounts of S and Ca typically gave a standard 
deviation with derivatives of about twice that 
obtained when derivatives were omitted. The 
centroid shift may be estimated to within about 
1 eV from a peak of about 5000 counts net in- 
tensity, but the resolution change is less well 
determined and can only be calculated to within 
about 3 eV from a peak of this size. Table 1 
indicates that for peak intensities much below 
5000 counts, the statistical variation in the 
estimated centroid shifts and resolution 
changes is too great for derivatives to be use- 
fil. 


Measurements of Resolution Change. McMillan 
et al.* demonstrated that peak shifts could be 
accurately measured from derivative fits, a re- 
sult we have also observed. We have tested 
whether resolution chnages could be similarly 
determined. Gaussian peaks of height 1000 
(with or without noise) were generated at dif- 
ferent FWHM, and fitted with a reference peak 
at 120 eV FWHM. The calculated resolution 
changes are given in Table 2 and show a reason- 
able correspondence with the true values, but 
the results with non-noisy peaks indicate a 
small systematic error in this measurement. 
Table 2 also shows the percentage error in the 
measured intensities with changes in resolu- 
tion, in agreement with the results of 
McMillan et al.* 


Methods of Using Derivatives. We have test- 
ed our proposed method of applying derivatives 
to spectra with large and small peaks, in which 
the estimated peak shift and resolution from 
the large peaks (intensity >5000 counts) is 
used to fix the shift and resolution parameters 
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A Measured resolution change (eV): 


B intensity error (fitted - true) in %: 
(1) Without derivatives 


No noise +54 

With noise +5.1 
(2) With derivatives 

No noise -48 

With noise 51 


A Without noise 


B With noise 


TABLE 2.--Measured resolution changes from de- 
rivative fit, and effect of resolution changes 
on fitted intensity. Generated Gaussian peaks 
of height 1000 at various values of FWHM, with 
or without added noise, fitted with reference 
peak of 120 eV FWHM, No centroid shift (n = 
20 except for zero case, where n = 30). 


APPLIED RESOLUTION CHANGE (eV) 
-10 


No noise -1206 
With noise -12 06 
+144 


TABLE 3.--Fitted intensities from peak overlap 
determined by various methods of applying de- 
rivatives. Gaussian peak of height 1000 (in- 
tensity 12134) overlapping peak of height 50 
(intensity 607), 100 eV apart. Centroid shift 
(n = 20.) 


is 10 eV, resolution change +10 eV. 


FITTING Derivatives Derivatives Derivatives Derivatives on 
PROCEDURE not used with both on large large peak, 
peak only parameters for 


small fixed 
1 


intensity 


Accuracy® 
(%) 


Intensity 
+ SD. 


Accuracy 
(%) 


4 (fitted - true) /true intensity, in %. 


for the smaller peaks in a subsequent fit. 
This method has been compared to using deriva- 
tives on large peaks only, and to using deriv- 
atives on all peaks, as well as to a fit with- 
out derivatives. The test spectrum consisted 
of a simulated overlap of a peak of height 50 
by a peak of height 1000, 100 eV apart, in 
which the effect of a 10eV zero shift was com- 
pounded by a broadening of the resolution by 
10 eV. Table 3 shows the fitted intensities 
for the large and small peak, obtained by ap- 
plication of the four methods to a noise-free 
spectrum (A), and to 20 replicates of normally 
noisy spectra (B). The most accurate results 
are obtained by the two methods in which deriv- 
atives are applied to the large peak only, but 


the suggested procedure of fixing the shift and 
resolution parameters of the overlapped peak to 
the values derived from the large peak yields 
the smallest differences from the true values. 
The residual differences can be explained by 
the systematic error in the resolution change 
calculated from the derivative fit of the large 
peak. 


Diseusston and Conelustons 


The greater number of parameters in a deriv- 
ative fit means that with noisy peaks, combina- 
tions of solutions may be obtained that satisfy 
the equations but are far from the "true" val- 
ues, This observation explains the greater 
statistical variation in the results when de- 
rivatives are used, and places an approximate 
limit on the peak size below which derivative 
fits are not reliable--from our tests, about 
5000 counts intensity, or 500 counts peak 
height. Below this limit, errors in individu- 
ally measured intensities can be quite large, 
and are associated with erroneous values for 
the shift and resolution change. 

The suggested procedure of fixing the shift 
and resolution values of the small peaks in a 
miscalibrated spectrum to those estimated from 
large peaks seems to offer the best solution to 
the problem of fitting small peaks, but in the 
general case it does require that a preliminary 
fit be made to identify suitably large peaks 
and to calculate the appropriate parameters. 
Clearly, ifno large peaks are identified, deriv- 
atives are not used. The alternate method of ap- 
plying derivatives to the large peaks and fitting 
the intensities only of the small peaks is equiva- 
lent to setting their shift and resolution 
changes to zero. Although the shift and reso- 
lution parameters may not be entirely accurate- 
ly determined from a single large peak, the 
presence of two or more such peaks allows mean 
values to be used, which are more reliable. 

We conclude that statistical noise generally 
limits the usefulness of the derivative fit to 


peaks of about 5000 counts intensity or greater. 


For these peaks reasonably accurate estimates 
of the shift and resolution can be derived. 
Smaller peaks may then be most accurately cal- 
culated by applying these estimates to such 
peaks in a subsequent fit. 
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THE USE OF THEORETICALLY GENERATED SPECTRA TO ESTIMATE DETECTABILITY LIMITS 
AND CONCENTRATION VARIANCE IN ENERGY-DISPERSIVE X-RAY MICROANALYSIS 


C. E. Fiori and C. R. Swyt 


The microprobe assay of a specimen must provide 
both a mean andthe variance about this mean for 
each analyte. Since we are concerned here with 
microanalysis, themean refers tothe estimate of 
the weight or atom concentration at a single 
analytical point, or some local grouping of 
points, from a homogeneous region of the spec- 
imen. The vartance about this mean then rep- 
resents the uncertainty due to counting sta~- 
tistics plus those aspects of the data reduc- 
tion procedure which will contribute uncertain- 
ty, such as peak unraveling and continuum sup- 
pression, The accuracy of the estimate is a 
measure of the closeness of our estimate to 
the true value of the concentration. The task 
of predicting the variance about this estimat- 
ed concentration can range from easy to quite 
difficult. As the specimen is further exam- 
ined at many points, any variance greater than 
that determined above will represent true com- 
positional variation. 


Disecusston 


As with all measuring devices, the energy- 
dispersive x-ray analysis system has for a 
given set of conditions a sensitivity which 
translates into a minimum concentration of 
analyte that can be reported with a certain 
level of confidence. This quantity is often 
referred to as the minimum detectable limit 
(MDL) and its estimation can also range from 
easy to quite difficult. We affect the MDL 
by choices of experimental conditions such as 
the operating potential, the analytical x-ray 
lines used for analysis, choice of data-reduc- 
tion algorithm, etc. 

This paper considers a computer procedure 
to estimate accurately the MDL for a trace 
analysis and to estimate accurately the vari- 
ance about each concentration in an analysis 
which encompasses a range of concentrations 
from minor to major element. The procedure we 
propose will work when either of the above 
situations does not lend itself to treatment 
by conventional statistical methods, a fre- 
quently occurring situation. We begin by de- 
scribing the analytical conditions under which 
standard statistical methods are difficult to 
apply for the determination of MDL and concen- 
tration variance. 


Statement of the Problem 


A spectrum observed with an energy-disper- 
sive spectrometer (EDS) consists of x rays 
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arising from both the characteristic and the 
continuum process. The x-ray peaks arising 
from the characteristic process contain the 
analytical information we seek. Often the 
peaks we wish to determine overlap with the 
peaks from other elemental constituents of the 
specimen. Furthermore, the peaks are always 
superposed onto a smoothly varying spectrum of 
x rays arising from the continuum process; 

and both the characteristic and continuum sig- 
nals are modulated by the effects of counting 
statistics. 

The MDL and variance about a measured con- 
centration depend on the magnitude of the peak 
and background intensities, the degree of peak 
overlap, and the algorithms used to extract 
the required peak intensity and background in- 
tensity values below the peak. In general 
there is no straightforward way of estimating 
the quantities required for standard statisti- 
cal treatment. Therefore, many analysts, when 
faced with the problem of providing good error 
estimates, resort to the time-consuming but 
extremely reliable technique of direct mea- 
surement. In this method the specimen is sam- 
pled n times at a number of representative lo- 
cations. For each of the n replicate measure- 
ments at each location one goes through all 
the spectral processing and data reduction 
steps required to arrive at an elemental con- 
centration. From the n results at each loca- 
tion the analyst can then predict by conven- 
tional statistical methods the expected vari- 
ance for each of the elemental concentrations 
at the various presumably representative loca- 
tions. Knowing the expected variances the 
analyst can then proceed on with a strategy of 
single measurements at each analytical point 
in the specimen. For specimens with many phas- 
es or a wide range of compositions this proce- 
dure can be quite daunting. 

There is an ever-growing body of knowledge 
concerning the physics of electron-specimen 
interaction and of the energy-dispersive x-ray 
spectrometer used to detect the resulting x 
rays. We contend that the requisite knowledge 
is now at hand to generate from first princi- 
ples an x-ray spectrum that is more than suffi- 
ciently close in all of the germane physical 
and statistical properties to represent an ac- 
tual spectrum from a real specimen. From a 
generated spectrum one can then deduce accu- 
rate estimates of variance about mean composi- 
tional values. One may also accurately esti- 
mate the MDL of any analyzable stable element 
in any stable matrix without the need to produce 
a set of calibration standards. Furthermore, 
one may adjust the experimental parameters to 
determine the optimum set that will produce the 
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Fe, 20 keV, 0.5 nA, 1000 S$ 
Generated - - + - 
Real 


Counts 


Energy (keV) 
FIG, 1.--Real spectrum (solid line) from pure 
iron specimen in Cameca electron probe with 
20kV, 0.5nA beam. Acquisition time was 1000 s; 
the 9mm? detector was 52 mm from specimen; 
take-off angle was 40°. Dashed line is spec- 
trum generated from first principles for same 
conditions. 


lowest MDL. One can do that relatively rapid- 
ly before even presenting a specimen to the 
electron beam. 


Computational Aspects 


It is not possible to cover even cursorily 
all the physical, statistical, and mathemati- 
cal ingredients of the proposed procedure in 
the limited space remaining. However, we can 
catalog the critical components and provide 
the computer source code (Pascal) to anyone who 
requests it from one of the authors. The pro- 
gram was written for an Apple Macintosh II com- 
puter and makes extensive use of the graphic 
environment of this computer. However, with 
some effort, it should be possible to extract 
the relevant sections of code and transfer 
this information to another computational en- 
vironment. The computer code discussed here is 
a component of a series of programs being de- 
veloped at the National Institutes of Health 
which allow the Macintosh II computer, with 
the addition of several plug-in boards, direct- 
ly to acquire, process, and display spectra 
and images from all the scanning electron col- 
umn instruments in our laboratory. 

The program has a series of dialogs that al- 
low the user to specify all the relevant char- 
acteristics of the electron column and x-ray 
detector system. Quantities such as excitation 
potential, beam current, acquisition time, 
specimen-to-detector distance, detector size, 
specimen composition, etc., are all required. 
The entered values are retained as default val- 
ues until changed. We have collected the most 
widely applicable and generally accepted math- 
ematical representations of the physics and 
physical data available in the literature. 

From these data we can predict from first prin- 


o 4 2 3 4 
Energy ( keV ) 
FIG. 2,--Theoretically generated specimen from 
typical biological matrix. 


ciples the detected characteristic and contin- 
uum distributions from either thin or bulk 
film specimens. We can then repeatedly add 
true Poisson counting statistics to the same 
spectrum to determine the required variance 
about a concentration mean and the MDL. 

In Fig. 1 is plotted a spectrum from bulk 
iron acquired in a Cameca electron probe oper- 
ation at 20 kV and 0.5 nA. The acquisition 
time was 1000 s and the 9mm? detector was 52 mm 
from the specimen. Also plotted is a spectrum 
generated from first principles by the program 
using the same experimental parameters. No ar- 
bitrary scaling was used for either the contin- 
uum or characteristic distributions. The pur- 
pose in showing this plot is simply to illus- 
trate that the program can generate a suffi- 
ciently close approximation to a real spectrum 
to enable accurate statistical information to 
be extracted. A similarly good match is possi- 
ble for the L family of lines; the M family, 
not surprisingly, is less than satisfactory and 
requires arbitrary scaling of the characteris- 
tic cross section. 

The well-known K-Ca overlap problem typical 
in biological x-ray microanalysis provides a 
good example of a case in which conventional 
statistical procedures cannot provide accurate 
estimates of the variances because one cannot 
extract independent estimates of the peak and 
background under the peak. When the peak-—to- 
background ratio is small, as it is for the Ca 
peaks in our chosen example, the uncertainty in 
the peak estimation is strongly influenced by 
the continuum statistics and the effect of the 
overlapping K K8 peak. The technique of spec- 
trum generation proposed in this paper permits 
a rapid simulation of n spectra each of which 
has the statistical properties of actual spec- 
tra acquired for typical experimental times. 
Each spectrum can be analyzed by any of the 
procedures normally used to extract peak areas. 
The variance about the mean can then be calcu- 
lated directly. 

To demonstrate this procedure we generated 
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25 spectra, identical except for the counting 
statistics, representing a typical biological 
matrix which contains 0.02 weight fraction K 
and 0.00022 weight fraction Ca. An example is 
presented in Fig. 2. The spectrum was gener- 
ated with parameters for our Vacuum Generators 
HB 501 dedicated STEM operating with a 100kV, 
0.5nA beam for 1000 s of acquisition time. A 
UTW Si(Li) detector with 0.18 steradian solid 
angle was the x-ray detector. 

We analyzed the spectra using the sequen- 
tial simplex algorithm.’ The mean value and 
standard deviation obtained for K were 10462 + 
143 and for Ca, 80 + 71. Clearly, to extract 
this weight fraction of Ca with 97% certainty 
will require a considerably longer acquisition 
time per spectrum and/or more spectra. 

An MDL can be similarly calculated from the 
mean and variance obtained by analyzing n gen- 
erated spectra from a specimen with zero con- 
centration of the element in question. 


Coneluston 


We have attempted to demonstrate the power 
of using theoretically generated spectra to 
provide accurate estimates of detectability 
limits and concentration variance. Since the 
program provides reasonably correct spectra 
for given experimental conditions, it has great 
utility in establishing that the microscope is 
not producing artifacts which can reduce ana- 
lytical capability. In addition, the program 
can be used to predict the best operating con- 
ditions to perform a given analysis. 
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ON THE PEAK-TO-BACKGROUND RATIO IN MICROPROBE ANALYSIS OF POROUS MATERIALS 


S. A. Abo-Namous 


The electron microprobe analyzer (EPMA) is a 
powerful tool for quantitative point analysis 
of polished surfaces. In quantitative analy- 
sis, the net intensity of the characteristic 
x ray of the unknown (P-B)u is compared with 
that of a standard (P-B)s of a known elemental 
composition. The ratio between (P-B)y and 
(P-B), for pure-element standards is known as 
K ratio. These K ratios are corrected by a 
conventional ZAF method for matrix effects; 
atomic number Z, matrix absorption A, and flu- 
orescence F, 

The problems of electron backscattering and 
differential absorption, associated with rough 
and porous surfaces, has made the above method 
inapplicable for quantitative analysis of such 
surfaces. Rough surfaces cause particle ef- 
fects. In particle analysis, incident elec- 
trons do not strike the surface at the same 
angle at all points. Also, x-ray take-off 
angle and the absorption path length vary with 
the position of the generated x ray. The prob- 
lems associated with the analysis of such mate- 
rials have been reported in literature.+>? 

In this paper, a slight modification is in- 
troduced to the above correction method so that 
it can work for porous materials analysis. It 
has been suggested that, to a first approxima- 
tion, the continuum radiation and characteris- 
tic x ray are equally influenced by particle 
effects, where the depth distribution of the 
continuum and characteristic x rays is approxi- 
mately the same.°’* According to this sugges- 
tion, any influence from surface structure on 
the characteristic peak intensity will have 
approximately the same influence on the local 
background level. Hence, the ratio of the net 
intensities of the characteristic peak P-B to 
background under the peak B for particle and 
for bulk, and for bulk material of the same 
composition, may be equal. This suggestion was 
applied in this study to porous materials (such 
as gamma-alumina extrudates) that can be dealth 
with as an aggregation of small particles. 


Experimental 


Pure gamma-alumina extrudates 2 mm in diame- 
ter were used in the analysis. The extrudates 
were used as pellets, since analysis is usually 
carried out to find the elemental distribution 
throughout the cross section of the spent cata- 
lyst. The pore fraction of these extrudates 
ranged from about 0.5 to about 0.8 as measured 
by a mercury porosimeter. The extrudate pel- 
lets were mounted on a plastic resin in a Meta- 
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FIG. 1.--Net x-ray intensity of Al Ka line as 


-function of position on pellet cross section. 


Space between two points is 50 um. 

FIG. 2.--Local background signal as function 
of net peak intensity of Al Ka line. 

FIG. 3.--K-ratio calculated (a) from ratio of 
net peak-intensities of extrudage and stan- 
dard, (b) from ratio of peak-to-background 
ratios for extrudate and standard. 


Point 0 is at one edge; point 40, at the other. 


239 


surf mounting press machine and then polished 
by sequential grades of SiC papers; ending 
with a 600-mesh (particle size ca 20 ym). For 
standard calibration "compact" alpha-alumina 
was used as aluminum standard. To expose both 
the samples and the standard to the same prep- 
aration conditions, they were mounted on the 
same holder, Simultaneously polished and then 
coated with a thin layer of carbon to provide a 
conductive surface. For a uniform layer of 
carbon a Balzers high-vacuum coating system was 
used, Silver paste was applied closely around 
the pellets to insure good electrical conduc- 
tion. 

Wave-length-dispersive spectrometers (WDS) 
attached to a Cameca EPMA were used for the 
analysis. The accelerating voltage of elec- 
trons was 15 keV. The intensity of the Al Ka 
characteristic x-ray line and the corresponding 
background were measured point by point along 
the diameter of the pellet. A typical diameter 
of the electron beam was slightly less than 20 
um as limited by the Roland circle. The oxygen 
content was calculated by a stoichiometry cor- 
rection. 


Results and Discussion 


It has been found that the alumina extru- 
dates have a range of pore volume, and accord- 
ingly a range of particle size. The pore vol- 
ume varied systematically across the extru- 
date.° The microprobe point analysis was car- 
ried out over the cross section of the extru- 
date. This analysis gave a relation between 
the measured peak intensity of the Al Ka line 
and the pore volume, as represented in Fig. 1 
by the position of the point with respect to 
the edge of the extrudate. In Fig. 1, the 
higher peak intensity represents smaller pore 
size near the edges, whereas lower peak inten- 
sity is a manifestation of large pore volume. 

On the other hand, in considering a large 
number of extrudates to give a range of pore 
volume, it was found that the net peak intensi- 
ty of Al Ka is linearly proportional to the 
corresponding local background under the peak 
(Fig. 2) when the measurements were made under 
the same beam conditions. The variation in 
peak intensity is due to variation of porosity 
throughout the extrudate, which shows that the 
peak-to-local background ratio is independent 
of the pore volume within the range considered. 
The dependence of local background on the peak 
intensity agrees with the results of particle 
analysis of others.°?’ It is worth mentioning 
that the peak-to-background ratio is particu- 
larly accurate in the case of a well-defined 
background, whereas in the case of overlapping 
peaks the determination of true local back- 
ground can be difficult and may lead to errors 
in the peak-to-background ratio. 

The net peak intensity across the extrudate 
was measured and found to vary with the posi- 
tion of measurement. This variation in the 
intensity reflected on the corrected weight 
percentage using ZAF method. A typical varia- 
tion is shown in Fig. 3 (curve a). On the 


other hand, when the net peak-to-background ra- 
tio was considered, it was almost independent 
of the measurement site. This ratio is com- 
pared with that of a known standard, to give 
the new K ratio. With the latter ratio, the 
ZAF correction method gave corrected weight 
percentages of alumina close to 100% across the 
pellet, as can be seen from curve b of Fig. 3. 

Scanning electron microscopy (SEM) at high 
magnification revealed that the grain size in 
the extrudates considered is below a few mi- 
crons, except for rare cases where agglomer- 
ates of grains were present. The width of 
these agglomerates was less than 20 um, which 
means that an electron beam with a 20um diam- 
eter will "see'' the average structure of sev- 
eral or many grains, Furthermore, the top 
surface of the grains partly has a flat shape. 
Accordingly, a considerable fraction of the 
incident beam strikes the surface at angles 
close to normal, so that the electron back- 
scattering yield is close to that of the bulk 
material. 

In the conventional ZAF correction method, 
the K ratio is calculated from 


K = (P-B),/(P-B)s (1) 


When this ratio is incorporated into the ZAF 
correction, it does not account for the dif- 
ferences in electron backscattering and x-ray 
absorption between bulk and particles. Even 
if the backscattering yield were the same, the 
absorption of x rays generated deep below the 
surface of porous material is different from 
that for the bulk material. Therefore, the 
corrected weight percentage of alumina devi- 
ates from 100%, where the deviation depends on 
the porosity of the area analyzed (Fig. 3, 
curve a). 

On the other hand, if we use 


Ko = Pas Pts (2) 


instead of the conventional K ratio in the ZAF 
correction, it seems to take care of the par- 
ticle effect, since the background is always 
proportional to the peak intensity (Fig. 2). 
The Py and Pgs values in Eq. (1) are the net 
peak-to-local background ratios of the unknown 
and the standard, respectively. As a result, 
the ZAF-corrected weight percentage of alumina 
is independent of the porosity of the area 
analyzed, and its value is close to 100% 

(Fig. 3, curve b). It is assumed that parti- 
cle effects are almost the same for the back- 
ground radiation and characteristic x ray. 
Therefore, absorption pathlengths for the 
characteristic x ray and the corresponding 
background radiation are expected to be simi- 
lar. Accordingly, the height of the back- 
ground is proportional to the intensity of the 
characteristic peak. 

The peak-to-local background ratio seems to 
be convenient for materials with a single com- 
pound, since the standard would always have 
the same chemical composition as the unknown. 
In applying this method to multicomponent ma- 
terials, the standard materials should be 
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carefully selected so that the standard has a 
composition similar to that of the unknown. 
Preliminary work on Mo-Ni/alumina catalyst 
showed that the peak-to-background ratio ratio 
method can give total weight percentage of al- 
most 100%, although the conventional K ratio 
(Eq. 1) resulted in a deviation from the 100% 
value. However, this topic needs further de- 
tailed investigation. The method would be of 
great value for quantitative analysis of ma- 
terials where fine polish is avoided or diffi- 
cult, e.g., corrosion products and rocks. 


Cone lustons 


Althouth the net intensity of the character- 
istic x-ray line depends on the porosity of the 
materials at the point of measurement, the net 
peak-to-background ratio is almost independent 
of the porosity. The above results demonstrate 
that the peak-to-local background ratio is more 
suitable for elemental concentration analysis 
of porous materials. The procedure is simple 
and requires only a slight modification of a 
conventional ZAF correction method. 
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A BINARY ALLOY DATA SET FOR COMPARISON OF QUANTITATIVE 
ELECTRON-PROBE CORRECTION PROCEDURES 


K. F. J. Heinrich 


An extensive set of relative intensities ob- 
tained by electron-probe microanalysis on bi- 
nary specimens is being assembled. It con- 
tains data taken from various collections as 
well as information not previously used in 
such tabulations. When the asembly is com- 
pleted, the number of entries will be more 
than 1400. 

The use of experimental results on speci- 
mens is the ultimate test of accuracy of elec- 
tron-probe quantitation procedures. To be 
free of bias, the test should be ideally per- 
formed on data not used in the development of 
the procedure. However, given the paucity of 
such data, and the labor involved in prepar- 
ing the specimens and measuring relative x-ray 
intensities, this requirement is never met in 
practice. The alternative is to have as com- 
prehensive a collection as possible. 

In parallel with the assembly of the table, 
menu programs are being written that permit 
comparison of any combination of correction 
procedures with statistical evaluation. 

The usual process of submitting the entire 
available data set to a complete analytical 
procedure has serious disadvantages. If a 
discrepancy occurs between observed and calcu- 
lated relative intensities, it is not obvious 
which part of the correction procedure is re- 
sponsible for the error. Conversely, the ef- 
fects of a given correction, for example for 
absorption or fluorescence, are in such a pro- 
cess diluted by the random errors obtained on 
a large number of binaries in which this ef- 
fect is not significant. We therefore propose 
the use of subsets for the separate testing 
of the corrections for stopping power, back- 
scatter, absorption, and fluorescence (both 
characteristic and continuous). Unfortunately 
not all procedures at present in use permit 
the separation of stopping power and backscat- 
ter effects, but separation of the rest will 
be possible. 

Subsequently, we plan to extend this work 
to specimens having more than two components 
(e.g., glass standard reference materials), in 
which certain effects will be particularly 
significant. 

Specimens in which low electrical conduc- 
tivity may require coating or otherwise affect 
the measurement were not included in the set, 
A set of measurements performed with instru- 
ments having a low take-off angle (<30°) is 
included so that the effect of this angle on 
overall accuracy can be determined. 


The author's address is 804 Blossom Drive, 
Rockville, MD 20850. 
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MICROPROBE ANALYSIS OF THIN YBa2Cu30¢4x SUPERCONDUCTING FILMS 


Eric Lifshin, L. A. Peluso, Antonio Mogro-Campero, and L. G. Turner 


Relatively few studies have been reported of 
electron microprobe analysis of multielement 
thin films deposited on bulk subtrates. Be- 
cause the electron beam can penetrate through 
such films, the measured x-ray intensities from 
each element depend not only on the film compo- 
sition but also on the film thickness and the 
substrate composition. Conventional ZAF analy- 
sis is unsuitable for thin films, and the prin- 
cipal analytical correction methods used have 
been based on Monte Carlo calculations?»* and 
modified ¢(pz) curves,*’* neither of which is 
routinely used. The amount of published exper- 
imental data relating x-ray emission to film 
thickness and operating voltage is scarce, and 
much of it refers only to pure elemental films. 
Nor has there been much discussion of the prac- 
tical experimental problems encountered in mea-~ 
suring thin films. The current study is direct- 
ed at providing additonal information in these 
areas. 

X-ray measurements were made on a series of 
superconducting films of YBCO (YBa2Cu30¢6+x) of 
different thicknesses deposited on SrTiQ;. 

Such films are being evaluated at present for 
use in a variety of microelectronic devices. 
From the point of view of microanalysis, YBCO 
was chosen because it is electrically conduct- 
ing, and it has been previously established to 
have a very well-defined cation stoichiometry. 
Furthermore, only minor variations in the oxy- 
gen concentration are permitted if it is to per- 
form as a high-temperature superconductor (x is 
typically in the range of about 0.7 to 0.9). 


Experimental 


Films of YBCO were deposited on polished 
SrTiO, (100) substrates. They were prepared by 
coevaporation of Y, BaF,, and Cu followed by 
furnace annealing. The deposition was at ambi- 
ent temperature and the samples were then an- 
nealed at 850 C for 3.5 h in oxygen and water 
vapor. During furnace colling the samples were 
held at 550 C for approximately 0.5 h. The 
series of samples prepared included films of 
thicknesses of 0.25, 0.50, 0.75, 1.00, 2.00, 
and 3.00 um. These thicknesses were selected 
because over the range of electron-beam voit- 
ages used, thicker films were expected to be- 
have as bulk materials whereas the thinner 
films were not expected to contain the region 


The authors are with GE Corporate R&D, Sche- 
nectady, NY 12301. They wish to thank H. Bakru 
of SUNY Albany for the RBS measurements, N. 
Lewis and E. L. Hall for the TEM work and help- 
ful discussions, D. E. Newbury of NIST for run- 
ning Monte Carlo calculations, and R. B, Bolon 
for his helpful discussions. 


of direct electron x-ray excitation. Super- 
conducting transition temperatures were de- 
termined by four-point resistivity measure- 
ments for all of the samples in this study. 
Thicknesses were determined both by direct mea- 
surement of sectioned samples in a scanning 
electron microscope (SEM) and by Rutherford 
backscattering (RBS) at the microbeam facility 
at the State University of New York at Albany. 
Electron microprobe analysis was done with 
a Cameca MBX equipped with a Tracor Northern 
automation package run under the TASK program. 
The analyzing crystals used were TAP for Y Lo, 
PET for Ba La, and LiF for Cu Koa. The stan- 
dards used were Y,0,, NBS glass standard K458 
for Ba, and pure Cu metal. In addition, mea- 
surements were made at the same time on a bulk 
YBCO standard described in detail previously. 
Measurement of this standard served to indicate 
when the region of direct electron x-ray exci- 
tation was fully contained in the YBCO films. 
It also provided a cross check on the overall 
experimental procedure. The beam currents used 
were about 7 nA and measurements were made at 
12, 16, and 20 kV. Counting times of 100 s 
were used, so that the total number of counts 
measured at each data point varied between 10° 
and 8 x 10* depending on the film thickness 
examined and beam voltage used. Typically 
four points were measured on each film at each 
voltage and the resulting datawere averaged. 


Results 


Figures 1 and 2 are SEM micrographs taken 
of the 1 and 3 um films, respectively. They 
both show a most unusual fibrous microstruc- 
ture of the outer surface, which indicates 
that it is far from planar. Transmission elec- 
tron microscopy (TEM) has shown that these fi- 
bers correspond to various regions of YBCO in 
which the "c" axis of each region is oriented 
in one of three orthogonal directions. This 
effect does not occur over the total thickness 
of the film, but only in an outer layer that 
grows on top of normal epitaxially grown mater- 
ial which has its c axis perpendicular to 
the plane of the substrate. In addition, films 
of 1 ym and thinner showed the presence of a 
second phase, believed to be BaCu0, based on 
energy-dispersive x-ray and TEM measurements. ° 
The presence of this phase was noted during mi- 
croprobe analysis and it was avoided. Analysis 
was done on the principal phase, which was as- 
sumed to be YBCO. This assumption is consis- 
tent with the fact that the transition tempera- 
tures measured on all the samples were between 
89 and 90 K. A more serious experimental con- 
cern is the surface roughness, which is be- 
lieved to have developed when the samples were 
converted from the as-deposited amorphous films 
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to YBCO during the annealing step. 

Both the RBS and SEM examination of cross 
sections suggest that that average film thick- 
nesses given are probably accurate to within 
10%; however, more detailed TEM measurements 
are currently under way to fully validate these 
results. Figure 3 is an SEM micrograph of a 
cross section of the 21m film. The surface ap- 
pears to be somewhat irregular, but there is no 
indication of second phases within the film, al- 
though some porosity was detected during the ex- 
amination of a different region of the sample. 
Point~to-point variations in thickness are 


FIG. 1.--SEM micrograph of surface of lym YBCO 
film deposited on SrTi0;. 
FIG. 2.--SEM micrograph of 
film deposited on SrTiO;. 
FIG. 3.--SEM micrograph of 


Zum YBCO film deposited on 


surface of 3yum YBCO 


cross section of 
SrTiO. 


somewhat more difficult to establish because of 
the difficulty in getting good cross-sectional 
images of samples. However, TEM observations 
of similar samples have suggested that at the 
O.lum scale regions of the specimen might be 
found where the thickness variation is greater 
than 20% of the average. Since the probe size 
is estimated to be about 0.5 um, these irregu- 
larities are somewhat averaged out. As an ex- 
ample, 12kV data taken from ten data points on 
the 1.0um films gave 20 variations of 11.6% 
for Y La, 3.2% for Cu Ka, and 3.5% for Ba La. 
Although these numbers are larger than the 1-2% 
20 variation based on expected counting statis- 
tics for a film of uniform thickness, it is 
clear that some averaging of the data has taken 
place in the sampling volume. The large varia- 
tion in the Y data is consistent with the fact 
that Y La x rays undergo the largest amount of 
absorption and would be most affected by an ir- 
regular surface. 

Figure 4 summarizes the results obtained for 
relative intensity ratios (K) vs film thickness 
for each of the elements. Error bars are not 
shown to avoid cluttering the figure, but the 
20 variations are expected to be comparable to 
the numbers given above. The qualitative 
trends in each curve are roughly consistent 
with expectations. In each case the K ratios 
increase with thickness up to film thicknesses 
of 1-2 um. The K ratios also decrease with in- 
creasing voltage for a given film thickness, 
indicative of the greater penetration of the 
beam through the films. The fact that some of 
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the data appear to go through a maximum and 
then decrease slightly to the values measured 
for 3 um is somewhat surprising, but may be re- 
lated to the effect of a changing topography 
with film thickness. Table 1 contains a compar- 
ison of the 3um results with both bulk measure- 
ments and K values predicted by conventional ZAF 
procedures. The good agreement between the bulk 
K values and theory is consistent with results 
reported previously and helps confirm proper op- 
eration of the instrument. The fact that the 3um 
readings for Cu and Ba are slightly lower than 
the bulk at all voltages may be attributable to 
the decreased indirectly excited characteristic 
signal generated by the continuum for the thin- 


K Ratio 


(b) 


Ba Data From YBCO Films 


0 1 2 3 


Thickness 
FIG. 4.--K ratios relative to pure elemental 
Standards vs film thickness for YBCO films de- 
posited on SrTi0O,;: (a) Y La, (b) Ba Lo, 
Cc} Cu Kas 


TABLE 1.--Measured 3um YBCO thick-film and 
bulk K ratios compared with ZAF theorv. 


eee: ieee ee 
20 KV 
3.0 micron 0.0855 
bulk 0.0861 
ZAF 0.0864 
eee: eae! 
iene Tea < ee 
20 KV 
3.0 micron 0.273 0.267 
bulk [C299] si. 2 90) 0.282 
ZAF 0.298 0.290 0.282 
ee oe mee Pilea tte 
eeareeeees sams: ee 
20 KV 
3.0 micron 0.352 
bulk 0.380 
ZAF 0.356 0.369 0.378 


film samples. Because the x-ray continuum is 
capable of generating x rays from points many 
micrometers from the point of electron-beam 
impact, one would expect that more x rays 
would be generated in a bulk sample than from 
a thin film even if the electron interaction 
volume were reasonably well contained within 
both samples. This effect has been observed 
elsewhere, but is difficult to estimate.? 


Conelustons and Comments 


A data set of K ratios vs film thickness 
has been developed for the metallic elements in 
YBCO. The results suggest that almost all the 
X rays are produced within the first 1-2 um for 
each of the elements measured over the range 
from 12 to 20 kV. Variations in surface rough- 
ness appeared to be the largest factor influ- 
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encing the accuracy of point-to-point results 
(+10%). Nevertheless, given the lack of models 
and the lack of data in this area, the current 
findings may prove useful in validating thin- 
film microanalysis models. Preliminary results 
using the Caltech CITZAF particle/thin-film 
analysis program’ applied to these same materi- 
als suggest that the discrepancies between 
theory and experiment are much larger than +10%, 
We shall report on these findings and their 
significance in the near future. The data pre- 
sented may also prove useful in estimating film 
thicknesses for YBCO microelectronic devices. 
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A CASE STUDY OF TEMPERATURE-RELATED PEAK SHIFT IN WDS MICROPROBE ANALYSIS 


S. Vincent Yang, Jerry Wagstaff, and Gordon McKay 


Minor changes in room temperature can cause 
significant peak drift during quantitative 
electron microprobe analysis. Some quantita- 
tive data acquired by a CAMECA MBX electron mi- 
croprobe are reported in this study. A spec- 
trometer verification (insuring that one ele- 
ment is aligned with an absolute reference po- 
sition on each spectrometer) before each analy- 
sis helped correct the peak-drift problem. 


Expertmental 


A CAMECA MBX electron microprobe at NASA/ 
Johnson Space Center was programmed to perform 
200 analyses of a Kaersutite standard with 
three wavelength-dispersive x-ray spectrome- 
ters. All data discussed in this report were 
acquired with the CAMECA MBX fully automated 
scanning electron microprobe at NASA/JSC. The 
original analytical software was modified to 
verify all spectrometers before each analysis 
as well, as to record the amount of peak drift. 
Initially, a microprocessor get-element func- 
tion (moving the spectrometer to a theroretical 
elemental peak position) was used to move the 
spectrometers to their peak verification posi- 
tions; Fe Ka for the LIF crystal, Ca Ka for 
the PET crystal, and Si Ka for the TAP crystal. 
Next, a microprocessor peak function was used 
to locate the true peak position for each 
spectrometer. These new peak positions were 
subtracted from the previous peak positions 
and the data were written to a file. Finally, 
a microprocessor set-motor-position function 
was used to correct the spectrometer motor 
positions for the subsequent analysis. In 
case the peak intensity was insufficient for a 
valid peak determination on any one of the 
spectrometers, a discriminatory algorithm 
would prevent resetting of that spectrometer 
motor position. The resulting variations in 
peak positions of the overnight analyses can 
be seen in Fig. 1. 


Cone Lustons 


1. Estimations based on peak shapes suggest 
that, if there was no spectrometer verifica- 
tion before analyses and if the peak position 
changed by 20 steps, Ca Ka peak intensities 
could decrease by up to 16%, Fe Ka peak inten- 
sities by 8% to 10%, and Si Ka peak intensi- 
ties by as much as 26%. 

2. Figure 2 illustrates that spectrometer 


S. Vincent Yang and Jerry Wagstaff are with 
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Houston, TX 77508. 
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Room Temperature (°F) 


Peak Offset dSINTTHETA)+ 10,000 


verification helped correct the peak-drift 
problem caused by a variation of the laboratory 
temperature. 

3. Figure 3 reveals that spectrometer veri- 
fication and spectrometer motor position reset- 
ting also helped to correct the peak drift for 
additional elements on individual spectrometers 
without verifying these elemental peak posi- 
tions. 

4, Verification of high-precision wavelength- 
dispersive x-ray spectrometers before individ- 
ual analyses can help correct for peak-drift 
due to changes in instrument temperature caused 
by environmental factors other than changes in 
room temperature. 


Fe Ka on LF 


Ca Ka on PET 


150 


100 
Analysis Point Numbers 


FIG, 1.--Graph A displays variation in labora- 
tory temperature during programmed analytical 
session. Graphs B through D exhibit changes in 
peak positions resulting from this temperature 
fluctuation. Note lag time between change in 
laboratory temperature and subsequent change in 
peak positions. 


1.X.A.STD. 


Fe Ka on LIF 


Ca Ka on PET 


1 50 100 150 200 


Analysis Point Numbers 


FIG. 2.--Graphs A through C indicate that 
spectrometer verification prior to each analy- 
sis kept peak intensities generally within 1% 
of original intensities even with significant 
changes in peak positions during analytical 
session. 


LX.A.STD. 


248 


Ti Ka on PET 


Analysis Point Numbers 


FIG. 3.--Graphs A and B illustrate that spec- 
trometer verification prior to each analysis 
also kept peak intensities for additional ele- 
ments on verified spectrometer generally within 
1%. 


P E Russell, Ed , Microbeam Analysis—1989 
Copyright © 1989 by San Francisco Press, Inc , Box 6800, San Francisco, CA 94101-6800, USA 


QUANTITATIVE COMPOSITIONAL MAPPING IN A SCANNING ELECTRON 
MICROSCOPE WITH AN ENERGY-DISPERSIVE SPECTROMETER 


R. W. Anderhalt and A. 0. Sandborg 


Compositional mapping has been demonstrated re- 
cently!”* with the electron microprobe. In the 
electron microprobe, the scanning electron beam 
produces x rays which are detected with a wave- 
length-dispersive detection system (WDS). The 
x-ray intensities are converted to concentra- 
tions at each analysis location, usually by the 
ZAF method. In this work, the scanning elec- 
tron microscope is used with an energy-disper- 
sive spectrometer. 

One very important requirement for success 
with the electron microprobe is beam current 
Stability. The counting or dwell time at each 
analysis location is relatively long because 
each element is usually measured sequentially. 
If an energy-dispersive detection system (EDS) 
is used, the dwell time may be reduced because 
the elements are determined from one spectrum 
at each location. The beam-current stability 
requirement may also be relaxed, since EDS can 
utilize a standardless technique. The stan- 
dardless method uses calculated relative pure 
element intensities instead of measured abso- 
lute pure element intensities, and relies on 
normalization in order to obtain absolute con- 
centrations. Because beam current stability is 
not as important if the EDS method is used, an 
SEM can be used to scan the sample to produce 
the x-ray map. 

Each of the two x-ray detection methods has 
significant problems to be solved in order to 
produce meaningful concentration maps. The WDS 
method must correct for the defocusing effect 
of the spectrometer when maps are made at low 
magnification.” Several methods have been de- 
veloped to solve this problem.°”” The EDS 
method must overcome the problems caused by the 
inherently poorer resolution of the EDS detec- 
tor. Background and peak overlap corrections 
must be applied to obtain net elemental inten- 
sities from the EDS spectrum. It is impracti- 
cal to store a full spectrum at each analysis 
location of the map, so the corrections must be 
made "ton the fly." Normally it requires tens 
of seconds to obtain net elemental intensities 
and to convert them to concentrations with a 
ZAF technique. In this work these times have 
been reduced to fractions of a second by the 
use of optimized programming of the various 
correction procedures. 


R. W. Anderhalt is at Philips Electronic In- 
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07430; A. 0. Sandborg is at Philips Electronic 
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Experimental 


The system used in this work is called the 
PHAX-SCAN system.® It consists of an SEM with 
an EDS detector mounted to the electron col- 
umn, and the EDS electronics connected to the 
SEM. The nature of this connection permits 
digital beam control of the microscope, as 
well as control and monitoring of general mi- 
croscope functions. The SEM's monitors are 
used to produce the output of compositional 
images as well as other information relating 
to the mapping data. The SEM's monitors are 
under control of the EDS computer during the 
production of the outputs. The software to 
acquire the x-ray maps and reduce the data is 
part of the HAX software.? It was written for 
a specific set of hardware in order to opti- 
mize the analysis speed. 

The material analyzed was an aluminum alloy 
of high silicon content: BCS 182/2, a nominal 
11% Si alloy. The operating conditions are 
given in Table 1. The total time of analysis 
was 140 min. The size of the digital scanning 
matrix is 128 x 100, so the dwell time at each 
pixel is 0.66 s. After the x-ray spectrum is 
accumulated at each pixel, background is sub- 
tracted, peak overlap corrections are applied, 
and ZAF factors are calculated and applied. 
These processing steps are accomplished in 100 
ms due to the optimization of the HAX program. 
Background is subtracted by fitting of a modi- 
fied Kramers law equation in segments across 
the spectrum. The segments were chosen auto- 
matically, but could be specified if desired. 
The peak overlap corrections were derived by a 
least-squares fitting of shell multiplets to 
the spectrum. The ZAF corrections applied 
were calculated with the models from the NBS 
FRAME method. All calculations that can be 
made in advance of data accumulation are done 
once the necessary experimental parameters are 
known, 


Results 


Figure 1 is a backscattered electron micro- 
graph of the area of the sample which was 
scanned. Figure 2 shows some of the elemental 
maps obtained from the mapping procedure. The 
gray levels shown are related to concentra- 
tion, not intensity. Black in these images 
represents 0 wt%; white, the highest concen- 
tration for that element in the image. The 
images are presented in up to 8 gray levels. 
In addition to the concentration images, other 
types of information are available. Table 2 is 
an affinity matrix that has been calculated for 
this set of images. The numbers in the matrix 
represent the relative amount of correlation 


TABLE 1.--Operating conditions during the mapping between elements. A positive number indicates 
of 182/2. a positive correlation; a negative number, a 
negative correlation. From this matrix can be 


Accelerating voltage 20 kV ae : : : 
Sample tilt angle 0° seen indications that Al and Si are negatively 
Detectro takeoff angle 35° related; that is, as the Si concentration in- 
Working distance 10 “mn creases, the Al concentration decreases. Mn 
Spot size 200 nm and Fe occur together in the sample, and Ni oc- 
Average count rate 3800 cps curs with Fe, but not in all locations, Ti is 
Magni fication 5000x evenly distributed in the sample. Since all 
Pixel dwell time Ob6 6 the concentrations are known, the density at 
Detector resolution 146 ev @ 5.9 key any pixel can also be calculated and displayed. 
: Figure 3 is the map of density in the sample, 
TABLE 2.-- Elemental affinity matrix from the pengene from 2,04 10) ost0 Boo Tat oerame oF 
compositional map: the relative correlation of ete igri aiiceee capo Snags ini terete ole 
concentrations. sity, gray scale of the electron image, and 
total peak counting rate can also be produced 
Al Si Ti Mn Fe Ni and displayed. Figure 4 is the Si concentra- 
Al 100 yf 03 -15 20 Ol tion histogram. From these histograms, regions 
Si 296 100 -05 -O1 0 -07 of interest can be selected, and the average 
Ti 03 ~05 100 -09 “it -01 concentrations from the pixels in this region 
Mn aie -O1 -09 100 3] 04 can be calculated. Table 3 shows selected av ~ 
Fe 294 0 ae | 3] 100 09  erages for various regions. The regions of in- 
Ni -O1 207 -01 04 09 100 terest selected can also be used to produce bi- 
nary maps, where pixels in the region are white 
TABLE 3.--Selected averages: concentrations of and all others are black. Figure 5 presents 
selected regions of the compositional map. binary maps of Si and Fe above a threshold of 
a ‘ : ; ; concentration. 
eee line eae a ge Figure 6 is the output of a linescan across 
; : the sample for Si and Al showing the complimen- 
Window setting, from 50.8 to 100% tary nature of these elements in this sample. 
Window area fraction, 100.0% The linescan was produced in much the same man- 
Average density, 2.62 g/cm? ner as the map, and the same quantitative pro- 
Average tot. peak rate, 1484 cps cedure was used. It is presented here to com- 
Average gray level, 1764 plement the map data. 
Average chemical composition: 
Element Al Si Ti Mn Fe Ni Discussion 
wt% 82.30 14.90 0.30 0.60 1.30 0.70 In a small region of the aluminum alloy 
studied here, BCS 182/2, variations in concen- 
(b) Average analysis of the high-Si region: sub- tration have been revealed. Regions of very 
population selected from wt% Si distribution. high Si are obvious, as are other crystallites 
Window setting, from 19.2 to 47.2% waer ee Be dene Nie ee tone Brace, tbe con: 
Window area fraction, 26.95% centration maps may not seem more revealing 
Average density, 2.43 g/cm3 than x-ray intensity maps, but much more infor- 
Average tot. peak rate, 1475 cps mation can be obtained, A density map (Fig. 3) 
Average gray level, 1684 shows the overall variation in chemical concen- 
Average chemical composition: tration. Thresholds can be set to show those 
; areas in which a certain concentration is ex- 
Element Al Si Ti Mn Fe Ni ceeded. If only intensities were available, 
wt% 72.10 25.70 0.30 0.50 0.90 0.60 one would be uncertain as to the concentration 


level that were being exceeded. Although at 
any one pixel, the statistical accuracy of 
analysis is poor because of the short dwell 
time, averages are easily produced over select- 


(c) Average analysis of the high-Fe region: sub- 
population selected from wt% Fe distribution. 


eee ite rere a3 as ed regions, These averages can be selected 
Average density, 2 72 aie over gray-level features , density features, or 
Average tot aay oes 1369 from any elemental histogram. They are Statis- 
Average gray eee 3364 a tically valid if the selected region encom- 
Avetaoe chenteal : Peptide passes tens of pixels or more. 

a ae ae ge The ability to acquire images of elemental 
Element Al Si Ti Mn Fe Ni composition has been demonstrated. Because of 


wt% LES T2079) SO eS00 E280) 620. 79.20 the high-speed reduction of data, the accumula- 
tion of the data does not take longer than it 
would take to accumulate an x-ray intensity map 
of good quality. The composition maps contain 
much more than that inferred from a normal 
x-ray intensity map. 
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FIG. 6.~-Concentration line scan across sample 
of Fig. 1; Si and Al concentrations are dis- 
played. 
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PREPARATION AND PRELIMINARY ANALYSIS OF K-411 GLASS MICROSPHERES 


R. B. Marinenko, J. A. Small, D. H. Blackburn, D. R. Retorick, and N. J. Shire 


During the past several years, preliminary 
work has been done on the development of a 
glass microsphere standard in the 1-20um size 
range. The purpose of this standard is to 
provide the analyst involved in the microanal- 
ysis of particles with a standard of known 
shape and elemental composition. The work de- 
scribed in this paper is the initial phase of 
a thorough characterization of these glass mi- 
crospheres for certification as a National In- 
stitute of Standards and Technology (NIST) 
Standard Reference Material (SRM). 


Experiment 


Previous work on this standard has been 
concerned with the development of techniques 
for manufacturing the microspheres! >? and with 
the analysis of the microspheres to determine 
the composition and interspecimen homogeneity 
of the microspheres. National Bureau of Stan- 
dards (NBS) Glass K-411 was chosen for these 
studies for the following reasons. 


1. It is available in bulk form as NBS SRM 
470,* Mineral Glasses for Microanalysis.* As 
such, the glass was shown to be homogeneous on 
the um scale, and the elemental concentrations 
are accurately known. 

2. The glass is available in thin film form 
as SRM 2063, a 101nm film designed for use in 
analytical electron microscopy. 

3. The glass contains no volatile or highly 
mobile elements that could easily escape from 
or migrate in the matrix during preparation 
or electron beam analysis of the glass micro- 
spheres. 

4. The glass is similar in composition to 
many types of particles found in the environ- 
ment. 


A bulk, 300 g sample of the glass was pre- 
pared by standardized procedures’ *? of accu- 
rately weighing the oxides, placing the oxides 
in a platinum crucible, heating, melting, and 
stirring until the glass was homogeneous. The 
bulk glass was ground in a carbide mortar and 
pestle until shards of the desired particle 
size were obtained. The shards were injected 
into the base of a tube furnace, where they 
were heated to just below the melting tempera- 
ture of the glass and formed into spheres as 


The authors are at the Center for Analytical 
Chemistry, National Institute of Standards and 
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*Standards labeled NBS Standard Reference Ma- 
terials (SRMs) will remain NBS standards until 
the present supply is depleted, at which time 
they will be reissued under the new NIST name, 


they traveled in the upward draft of the fur- 
nace. 

One problem, which was recently solved, was 
that of keeping the particles separated during 
the sphere-forming process to prevent them from 
fusing together. Separation was achieved by 
mixing large quartz particles (greater than 10 
um) with the glass shards before melting. The 
quartz reaches the heating zone but is not 
melted. Because of their large size, the 
quartz particles are not carried by the plume 
to the collection device, but they serve to 
keep the K-411 shards separated in the early 
stages of the melting process. 

The microspheres are collected on a filter 
located at the top of the tube furnace. AIl1 
sizes of spheres are at present collected to- 
gether. In the future, some methods may be 
used to separate them according to size at the 
collection point. 


quantitative Analysts 


The microspheres are analyzed quantitatively 
by electron probe microanalysis (EPMA) to de- 
termine whether the elemental concentrations 
in the glass microspheres were the same as 
those in the bulk material. In a preparation 
procedure such as the one used to make the mi- 
crospheres, there is always the possibility of 
losing some of the components during the heat- 
ing process. 

Since successful quantitative matrix correc- 
tion procedures are based on flat, polished, 
bulk specimens, quantitative analysis of micro- 
spheres is less accurate than bulk analysis. 
The size and shape of the sphere introduces 
unique problems,* First, since the microsphere 
is smaller than the excitation volume of the 
electron beam, fewer x rays are generated than 
would be generated in a bulk specimen. Second, 
because of the curvature of the sphere surface, 
the absorption path length of the emitted 
x rays is shorter than for a bulk specimen. 
Third, because of the limited volume of the mi- 
crosphere, secondary fluorescence by the con- 
tinuum and characteristic x rays is less than 
for the bulk material since the majority of 
these x rays exit the specimen volume before 
interaction. 

To reduce these problems, the microspheres 
were mounted in epoxy, ground, polished, and 
carbon-coated such that the cross sections of 
the microspheres were exposed for analysis. 

As far as the absorption of x rays was con- 
cerned, the microspheres exceeding 2-3 um would 
in this way be most similar to the bulk mater- 
ial when analyzed by the electron microprobe. 

Two different instruments were used to ana- 
lyze the microspheres, the Cameca electron mi- 
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FIG. 1.--Histogram plots for normalized mag- 
nesium results obtained from two instruments 
used in the analysis of K-411 microspheres. 


croprobe and the JEOL 840 scanning electron mi- 
croscope (SEM).* Energy-dispersive (EDS) anal- 
ysis was used with both instruments, and the 
data reduction procedure FRAMEC was used for 
the quantitative calculations. The elements 
magnesium, silicon, calcium, and iron were méa- 
sured directly against the bulk K-411 glass 
standard. The oxygen concentration was calcu- 
lated from assumed stoichiometry. For this 
preliminary work, microspheres of all sizes 
were analyzed; 143 were analyzed with the Came- 
ca and 123 were analyzed with the JEOL. The 
primary purpose was to make a comparison with 
the bulk glass and compare the results from the 
two different instruments. In an effort to 
compensate for the reduced mass of the micro- 
spheres compared to the bulk glass, the results 
were normalized by making the sum of all five 
elements present equal to 100%. The normalized 
results from the two instruments overlap in the 
histogram plots, showing consistency between 
the two instruments. An example of these his- 


togram plots is in Fig. 1, where the results for 
magnesium from the two instruments are compared. 


*Certain commercial equipment, instruments, 
or materials are identified in this paper to 
specify adequately the experimental procedure. 
Such identification does not imply recommenda- 
tion or endorsement by NIST, nor does it imply 


The average of the normalized values for 
each element is compared to the certified value 
in Table 1. The differences between the aver- 
ages of the normalized values and the certified 
bulk SRM values are less than +5 wt% for all 
elements except calcium analyzed by the JEOL 
where the difference is -9 wt%. In the re- 
sults from both instruments, the elemental con- 
centrations of magnesium and silicon are 
greater than the certified values; the calcium 
and iron values are both less than the certi- 
fied values. This discrepancy may be the re- 
sult of particle effects that have not been 
corrected in the sample preparation or concen- 
tration normalization. 


Coneluston 


These initial results show that the integri- 
ty of the composition of the bulk glass has 
been maintained in the microspheres within the 
error limits of +10%. Additional work is being 
done to verify whether the observed differ- 
ences are real, i.e., whether they consistently 
occur in the direction indicated here, and 
whether they apply consistently to the same 
elements. Also, analyses on larger spheres 
(diameters greater than 3-4 um) will in future 
work be separated from those on smaller micro- 
spheres to determine whether elemental segrega- 
tion depends on size. Another requirement of 
this certification process will be to collect 
several grams of the microspheres for quantita- 
tive wet chemical analysis of each element, as 
is normally done for certification of the bulk 
glasses. 


References 


Lyd Rs Smatil-K. Fa. Heinrich, ¢..-E. 
Fiori, R. L. Myklebust, D. E. Newbury, and 
M. E. Dilmore, “The production and characteriza- 
tion of glass fibres and spheres for microanal- 
ysis,'' SEM/1978 1, 445-454. 

2e JdevAs Smalls Je Je Ritter, Psa at. Sheri> 
dan, and T. R. Pereles, "Methods for the pro- 
duction of particle standards," J. Trace and 
Mtcroprobe Techntques 4: 163-183, 1986. 

3. R. B. Marinenko, Preparation and Charac- 
tertzation of K-411 and K-412 Mineral Glasses 
for Microanalysts: SRM 270, Nat. Bur. Stand. 
Spec. Publ. 260-74, 1982. 

4. J. A. Small, "Quantitative particle anal- 
ysis in electron beam instruments," SEM/1981 
I, 447-461. 

5. R. L. Myklebust and B. B. Thorn, A 
FORTRAN Verston of the Quantitative Energy- 
dtsperstve Electron Beam X-ray Analysts Pro- 
gram FRAMEC, Nat. Bur. Stand. Tech. Note 1200, 
1984, 


that the materials or equipment identified are 
necessarily the best available for the purpose. 
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TABLE 1.--Quantitative electron microprobe analysis of K-411 spheres concentrations in weight 
percent.* (Oxygen calculated from stoichiometry.) 


Element 
No Si Ca Fe Q 


Probe 
Cameca 9.241.2(13.0) 26.140.8(3.0)  108410(93)  10.7£1.2(11.2) 43 2+0.6(1.4) 


JEOL 9.040.8(8.9) 26.0+0.8(3.0) 10.1+0.8(7.9) 10.7+1.0(9.3) 44.2+0.4(0 90) 


SRM 470 
Values 8.85+0.12(1.4) 25.38+.09(0.35) 11.0640.14(1.3) 11.21+0.16(1.4) 42.3640.24(0.57) 
(bulk) 


* Error is two standard deviations for 143 experiments on the Cameca and 122 experiments 
on the JEOL. The coefficient of variation is in parentheses. Errors for the certified values for 
each element are estimates taken from the 2-sigma values assigned to the oxides in the 

SRM certificate. 
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DESIGN OF A PROTOCOL FOR AN ELECTRON PROBE MICROANALYZER k-VALUE ROUND ROBIN 


D. E. Newbury and R. B. Marinenko 


The fundamental experimental measurement of 
quantitative electron probe microanalysis is 
the k-value, which is defined as the ratio of 
the measured x-ray intensity of the sample (un- 
known) to a reference (standard), or 

k = isam/iref. For several reasons, the need 
has arisen to conduct an electron probe micro- 
analysis round robin for the measurement of 
k-values. 

First, the correction procedures for quanti- 
tative electron probe microanalysis have under- 
gone re-examination and improvement in recent 
years, as evidenced by the extensive discussions 
presented in Microbeam Analysts--1988 and at the 
subsequent Workshop on Quantitative Electron 
Probe Microanalysis held at the National Insti- 
tute of Standards and Technology (NIsty.73" 
Testing of new correction procedures and of 
modifications to existing procedures is at pres- 
ent carried out with the use of nonstandardized 
compilations of k-values, which makes compari- 
son of results among the various models and var- 
jations difficult. Thus, it would be useful to 
establish a reference database of k-values that 
are universally acceptable and against whichall 
models could be tested. 

Second, the error distributions presented 
by the various promulgators of correction models 
are narrowing to the point that 1 - o of the 
distribution corresponds to an error of less 
than 2% relative. If uncertainty in the compo- 
sition of the standards is not to be a limiting 
factor in these error distributions, the stan- 
dard compositions clearly have to be known to 
better than 1%. Some of the k-values in the 
various compilations were measured on standards 
whose compositions are not known with suffi- 
cient accuracy by independent analytical means 
to satisfy this criterion. 

Third, the basic instrumental procedures for 
measuring k-values must also be examined closely 
to insure that accurate measurements are ob- 
tained, This is potentially the most important 
limiting aspect that will determine the relia- 
bility of a k-value database. Most existing 
k-value compilations consist of measurements 
made on a variety of instruments, but the indi- 
vidual k-values are often only measured on a 
single instrument and not corroborated by other 
measurements. It is not possible to determine 
whether any systematic errors have occurred in 
the measurement process. The measurement prob- 
lems encountered obtaining high accuracy k-value 
measurements by means of energy-dispersive x-ray 
spectrometry (EDS) in electron-beam instruments 
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have been extensively described.*»* Often it is 
assumed k-value measurements by wavelength~dis- 
persive x-ray spectrometry (WDS) are less 

prone to measurement errors. However, recent 
results suggest that this might not be the 
case. Armstrong? has reported problems asso- 
ciated with two critical aspects of k-value 
measurement in a current state-of-the-art mi- 
croprobe, In one situation, the take-off angle 
was inconsistent between two nominally identi- 
cal wavelength-dispersive spectrometers on the 
same microprobe due to faults in the fabrica- 
tion and mounting of the diffraction crystals. 
This particular problem led to errors of the 
order of 5% relative in the measured k-value 
(Cu La in 80 Au-20 Cu alloy). A second problem 
involved thé pulse-processing circuitry and was 
manifested as a variable deadtime with x-ray 
energy. Errors of 0.8 us in a nominal deadtime 
of 1 us were observed, which could lead to rel- 
ative errors significantly in excess of 1% in 

a k-value measured at high deadtime. 

The design of a useful k-value round robin 
must therefore consider the issues of sample 
and measurement integrity. The initial stages 
of this round robin will use NIST Standard 
Reference Materials (SRMs) for microanalysis as 
unknowns, where the questions of sample compo- 
sition and microhomogeneity have been addressed 
in detail during the certification process. 
Specimen preparation (mounting, polishing, and 
carbon coating) will be carried out at NIST to 
insure uniformity. Pure element and compound 
standards will be mounted with the SRMs to in- 
sure that all are subjected to identical mea- 
surement conditions. Sample issues are not 
considered further in this paper, the balance 
of which covers the second point, that of the 
protocol for measurement. 


Design of a Protocol 


A major goal of the k-value round robin will 
be to obtain measurements that can be compared 
among several laboratories executing nominally 
identical measurement procedures to assess the 
interlaboratory variability. If the valuable 
time expended by the participants in a round 
robin is to yield the maximum amount of infor- 
mation, the protocol for making measurements 
and reporting data is critical. This is par- 
ticularly true if, as in the present case, the 
data so obtained are to form the basis for a 
community reference database. If questions 
arise in the future concerning the measurements 
taken in the round robin, the protocol should 
be designed to collect enough ancillary infor- 
mation to answer those questions. This paper 
therefore presents the first design for the 
measurement protocol in order to provide the 
microanalysis community with an opportunity to 
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offer constructive criticism in the hope of 
improving the final product. 


Protocol for k-value Determinatton by WDS 


The following protocol for k-value determi- 
nation by WDS provides the general model for 
the round robin. Table 1 lists the information 
requested from each participant. The sequence 
of measurements to be performed is: 


Reference (standard): 3 measurements at 
different locations 

Unknown: 10 measurements at different loca- 
tions 

Reference (standard): 3 measurements at dif- 
ferent locations 


The measurement sequence of reference/un- 
known/reference is followed to reveal any sys- 
tematic measurement errors due to drift. The 
target is translated between measurements to 
reduce problems that might arise due to contam- 
ination, as well as to avoid any undue influence 
from inhomogeneities or surface defects intro- 
duced during preparation. Each analyst's cal- 
culation of k-values and the complete data 
output necessary for the k-value determination 
will be reported. The k-value measurement will 
be made over a series of specified specimen 
beam energies, e.g., 10, 15, 20 keV, to develop 
a database that will be useful for a variety of 
tests. By requiring measurement of the Duane- 
Hunt continuum limit, we can obtain a check for 
the accuracy of the setting of the beam energy. 
To insure adequate statistical precision in the 
k-value ratio, participants will be requested 
to accumulate at least 200 000 counts for both 
the standard and the unknown, which should re- 
sult in a precision of better than 0.5% in the 
k-value. 


TABLE 1.--WDS round robin protocol. 


A. General 
Instrument spectrometer configuration (schematic 


diagram requested showing spectrometer locations) 


B. Electron beam conditions 

1. Beam energy (confirmed by Duane-Hunt limit) 
2. Beam current (measured in a Faraday cup) 

3. Beam incidence angle to specimen surface 


C. Wavelength-dispersive spectrometer charac- 
teristics 

1. Take-off angle 

2. Azimuthal angle (relative to specimen tilt 
axis 

3. Diffraction crystal 

4, Pulse height distribution, threshold, and 
window 

5. Specify deadtime, how determined, and dead- 
time correction method applied. 


D. Measurement procedure 
1. Peak position (in sin 6 units, mm, or other 
spectrometer calibration). 
2. Specify background correction method(s): 
a. If by detuning, specify spectrometer posi- 
tions for background measurements (exact defo- 
cusing conditions). 

(1) Provide background counts and count in- 


terval at each position. 

(2) Give calculated background counts at 
peak position. 

(3) Give background-corrected peak counts. 
b. If by use of another pure element, specify 
element, counts at the peak position on that 
element, and your calculation of the back- 
ground appropriate to the measurement. 


3. Measurements on standard. 

Raw peak count 

Deadtime-corrected peak count 
Background-corrected peak count, i(standard), 
and i (unknown) 


4. The average background and deadtime cor- 
rected standard intensity is calculated. 


The k-value for each measurement on the speci- 
men is calculated as: k = i(unknown)/i(stan- 
dard, average) 


WDS Report Table (repeat table for each line 
measured 


Crystal 
Peak height distribution: 

Peak = 

Threshold = 

Window = 
Pulse counting circuitry deadtime = 
Spectrometer peak position = 
Spectrometer background position(s) = 
Background calculated at peak position = 


Standard 


Deadtime-cor-- Background cor- 


Raw rected count rected count 
# counts rate rate 
Unknown 
Deadtime-cor- Background-cor- 
Raw rected count rected count 
# counts rate rate k 


Protocol for k-value Demterminatton by EDS 


For the determination of k-values by EDS, 
the WDS protocol is modified as shown in Table 
2. Detailed information is requested on the 
energy-dispersive spectrometer operating char- 
acteristics. In addition to the participants’ 
calculation of k-values using their local data 
reduction scheme, archival information is re- 
quested in the form of spectra measured on pure 
carbon, which is useful for fitting detector 
parameters, as well as all spectra from stan- 
dards and unknowns. Permanent recording of the 
actual EDS spectra is important. Since several 
different spectral processing techniques are in 
use in the wide variety of commercial and indi- 
vidually developed software systems, details on 
the calculation procedures are requested. In 
this case, the participants' measurement of the 
k-value will be critical, since it may not be 
possible to reconstruct, atalater date, the ex- 
act mathematical procedures that were applied to 
the spectra. The archived spectrawill provide a 
permanent record, which canbe subjected to uni- 
form spectral processing techniques by a single 
method. 

Laboratory testing of the protocols has been 
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initiated to determine whether all necessary 
aspects of the data measurement have been ade- 
quately addressed. 


TABLE 2.--EDS round robin protocol. 


C. Energy-dispersive spectrometer characteris- 
tics 
1. Take-off angle 
2. Azimuthal angle (relative to specimen tilt 
axis) 
3, Detector size (mm?) 
4. Distance from beam impact point (mm) 
S. Window material: Thickness (tm) 
Dead layer thickness (um): 
First surface electrode material Thickness (um) 
Ice layer thickness estimate (um): 
6. Spectrometer set-up information 
a. Energy per channel, eV/channel: 
b. Number of channels: 
c, Pulse processing (shaping) time (us): 
d. Energy resolution FWHM (eV) for Mn Ka 
under measurement conditions used for k-values: 
e. Total livetime for spectrum accumulation: 
7. Calibration error on 
a. SiK (1.740 keV) actual: 
b. Mn Ko (5.890 keV) actual: 
c. Cu Ka (8.040 keV) actual: 
8. Measure a 1000s EDS spectrum on carbon; pro- 
vide disk and hard copy. 
9. Provide the spectra measured on each stan- 
dard and unknown in disk copy, with one repre- 
sentative hard copy. 
10. Specify disk format. 


D. Measurement procedures 

1. Provide description of background correc- 
tion and peak. 

2. Provide description overlap correction 
methods used. 
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LAMMS: Fundamentals & Ion Formation Processes 
ARE LASER-ABLATED MONOLAYERS ACCURATELY CHARACTERIZED BY THEIR ION EMISSION? 


R. W. Dreyfus 


Laser microprobe mass analysis (LAMMA) is an 
enticing analytical tool. Some of its advan- 
tages are: submonolayer sensitivity; easy sam- 
ple preparation and interpretation of results, 
applicable to most materials; and reasonable 
vacuum requirements. In considering the best 
applications of LAMMA, one has to ask how the 
ions sampled by a mass spectrometer are re- 
lated to a given solid surface. This question 
can be divided into three steps: efficiency of 
converting a solid surface into a vapor, ioni- 
zation of the species in the vapor, and surviv- 
al of the ions for the time needed to pass 
through a mass spectrometer. Even in experi- 
ments in which one utilizes a second laser or 
electron beam to ionize the neutral species in 
the original vapor, one still has to deal with 
the first and last steps. One can sum up all 
the steps by asking what is the relationship of 
the detected ion signal on the following etch- 
laser parameters: wavelength A, pulse length 1, 
and power density P. The goal, of course, is 
to estimate how quantitative is LAMMA when ap- 
plied to monolayer analysis. Examples are 
drawn from graphite, copper, and sapphire UV- 
photoablation to demonstrate that if only one 
monolayer is ablated the ion yield is not a 
good reflection of the surface composition. 
This poor correlation is primarily due to the 
ion-forming step operating too close to its 
threshold power. 


Experimental Techntque 


Our primary experimental method is to use 
laser-induced fluorescence (LIF) as a probe of 
the solid + vapor (atom, diatomic or ion) tran- 
sition. This probing is done in the etch plume 
some millimeters or centimeters above the ab- 
lated surface, as has been described in detail 
elsewhere.'*? LIF has the advantage that den- 
sity information is obtained about specific 
(neutral or charged) species in specific energy 
states. The disadvantage is that sometimes one 
cannot see the forest for the trees; i.e., LIF 
is not a particularly good survey tool, it is 
only exceptional in its ability to follow a 
specific species. It is our belief that fol- 
lowing a specific species often gives signifi- 
cant insight into formation and transport pro- 
cesses related to atoms or ions. Also, LIF of 
neutrals provides milestones along the pathway 
to ion formation. In contrast to the above, 
large pieces of surface can be removed by ex- 
foliation (where "sheets" of material explode 
or fracture off the surfaces), or hydrodynamic 
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splashing (the spray from the crests of waves 
onamolten surface).* Both these etching 
mechanisms do not provide atom or molecular 
species suitable for LIF probing or LAMMA 
directly and hence will not enter into the 
present cases of removing monolayers of a sur- 
face. We shall simply acknowledge that these 
mechanisms exist but limit our discussion to 
cases that are amenable to detailed LIF prob- 
ing, including the formation of ions. These 
cases are carbonaceous materials (graphite, 
frozen benzene monolayers, and polymers) and 
metals (primarily copper and aluminum). The 
sensitivity of LIF is such that one can com- 
monly follow the removal of 41075 monolayers 
of atoms or %0.1 monolayers of diatomics. 

The primary question, of course, is the 
production of tons from a surface. As we 
shall see, the LIF technique can not only de- 
tect specific neutral species, but direct com- 
parison to ion densities is possible by a 
simple adjustment of the LIF excitation-laser 
wavelength. 


Experimental Results 


Graphite. The laser vaporization of graph- 
ite represents an outstaindingly simple yet 
interesting example of sublimation. Despite 
the relatively high temperatures required to 
generate vapor pressures of ‘1 at., laser flu- 
ences of >1 J/cm? produce intense plumes of 
C2, Cz; radicals and presumably C atoms.? The 
lack of complications in this sublimation are 
deduced from the facts that the surface mor- 
phology,” the vaporization rate, and the in- 
ternal (rotational and vibrational) energies 
of the C, diatomics all agree with the same 
peak temperature; i.e., 3750 + 300 K. What is 
of greater importance for present purposes is 
that ion or free-electron effects are usually 
negligible, as detailed below. 

With graphite sublimation, no intensely lun- 
inous plasma plume is observed. In the past, 
interferometer measurements of the free elec- 
trons have shown that such a flash correlates 
with a high density of free electrons in the 
plume.° Also, no LIF signals from either C3 
or Cz ions were observed. On the other hand, 
the much higher sensitivity of mass spectrome- 
ters have allowed for the observation of C. 
although these signals are commonly deduced to 
arise as a coalescence product within 
plumes .°® It has also been suggested that cra- 
tering of the surface also enhances the coales- 
cence to larger particles or ions.® 

The reasons for not observing a free-elec- 
tron plasma or ions following graphite ablation 
seem to arise from several factors. First, 
graphite ablates easily above 10° W/cm’; this 
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FIG. 1.--Relative Cu ground state atom and Cut 
metastable ion LIF signals due to ablating cop- 
per with a (35lnm, XeF) excimer laser vs the 
reciprocal laser fluence. The reason for plot- 
ting the abscissa as reciprocal fluence is so 
that thermal vaporization gives a straight line 
with the slope determined by the heat of vapor- 
ization. Note that the slope of the ion signal 
is distinctly higher than the slope of the atom 
signal and thus is in agreement with a multi- 
photon process for ionizing the Cu atoms. 


FLUENCE (J/em@ ) 
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FIG. 2.--Similar to Fig. except etch laser is 
now at 193 nm. Note the difference in slopes 
between ion and atom signal is no longer large. 
The avalanching of ionization due to free elec- 
trons colliding with atoms is noted to accele- 


rate the ionization above 3J/cm?. Atom signal 
then ceases to increase, presumably due to 
most of the copper vapor now appearing in one 
of the ionic states. 


range rarely produces intense ionization, 

which has a sharp onset in the 2-4 x 10° W/em? 
region. Second, Cz is extremely stable (ioni- 
zation energy Of 3.54 eV) and hence probably 
acts as an electron sink, perhaps through a 

Cz + e~ + C3 + C reaction. Third, both C, and 
C should require two photons (even for 193nm 
etching) to ionize, so that a reduced density 
of free electrons is generated. 

The above observations depend on the crys- . 
talline form of the carbon; it has been noted® 
that diamond gives an intensely luminous 
plume. These differences appear due to the 
fact that diamond requires V10° W/cm? for ab- 
jation, presumably because its exceptionally 
high thermal conductivity hinders vaporization. 
This comparison of graphite to diamond brings 
out the fact that the ion yield depends not 
only on the surface composition, but also its 
crystalline form. With sufficient laser power 
ions are doubtless produced from graphite sur- 
faces, but this power domain does not appear 
to overlap the region where only Vl monolayer 
of surface is removed per etch pulse. 


Copper. Metallic copper samples make for 
an interesting comparison with the above re- 
sults with graphite. At just above threshold 
fluences (20.6 J/cm? or 26 x 10? W/cm?) the 
two systems are similar. The atoms and dia- 
tomics in the plume arise from thermal vapor- 
ization in both cases. As the fluence in- 
creases into the 1.5 J/cm? region, multiphoton 
ionization sets in and an LIF signal from Cu* 
metastables approaches the magnitude of the Cu® 
signal. Ground state Cut is not easily ob- 
served by LIF, but Langmuir-probe measurements 
suggest that both the ground state and metas - 
table state densities behave similarly.® The 
generation of the ions apparently goes through 
the following steps (Figs. 1 and 2) as the etch 
laser power increases: first, multiphoton ion- 
ization generates the initial electron ion 
pairs (neglecting thermionic emission, which 
may have freed up to 10° electrens/cm?) ; 
second, inverse bremsstrahlung then couples 
the etch laser light directly into the electron 
cloud; and third, the electron cloud eventually 
becomes sufficiently energetic to produce both 
secondary ionization and dissociation of Cu, 
diatomics simultaneously. In competition with 
the above, three-body recombination may elimi- 
nate some of the cooler free electrons. 


Discusston 


One may ask, when one has the three vari- 
ables (A, t, and P) for the etch laser, which 
quantity promotes the ion formation necessary 
for LAMMA analysis? As shown above and gen- 
erally obvious is that large P (>4 x 10° W/cm?) 
rapidly accelerates ion formation. Long 
pulse length t enhances etching but only slowly 
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(c3/? dependence?®). The increase of ioniza- 
tion with wavelength is somewhat more compli- 
cated. First, inverse bremsstrahlung can go 
up as fast as A*, (That occurs primarily for 
UV wavelengths, where the plume rarely achieves 
the electron density of 210*° cm™3 required for 
the formation of an optically opaque plasma.) 
On the other hand, with near threshold P, mul- 
tiphoton ionization is promoted by short wave- 
length (small A). One thus concludes that the 
A dependence is the result of two conflicting 
dependences and hence not obvious. This siuta- 
tion is also material dependent as plume atoms 
in one particular state may or may not provide 
a large cross section for multiphoton- or fast- 
electron-induced ionization. 


Coneluston 


One can now see two general features of 
monolayer LAMMA results. First, the ion yield 
can depend more sensitively on the etch laser 
(t, A, and P) or the sample's physical state 
than is desirable for quantitative analysis. 
Second, going to high etch fluences results in 
coupling the laser energy into the free elec- 
tron cloud, which is probably desirable as one 
then has predictable energy coupling into the 
plume and from the plume to the surface,+° and 
to the atoms (within the plume) so as to facil- 
itate a high degree of ionization. However, 
what limits this latter approach is that when 
low etch fluences are utilized to remove only 
vl monolayer of surface, the resultant ion den- 
sities may only be a crude indication of the 
surface composition. In some cases a reconcil- 
iation of the above fluence difference may lie 
in bringing in the etch laser at grazing inci- 
dence, thereby increasing the plume fluence 
while leaving the etch fluence low. 
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ELECTRON-OPTICAL EXAMINATION OF LAMMS CRATERS IN TRANSVERSE SECTION 


L. J. Matthews, C. S, Baxter 


To improve quantification of LAMMS analyses it 
is necessary to understand the relationship be- 
tween the composition of the specimen and the 
composition of the material evaporated by the 
laser pulse. Careful monitoring of the laser 
power and focus, and of the total number of 
ions produced, enables results from closely 
similar samples to be compared, but the problem 
of relative sensitivities varying from matrix 
to matrix still remains. Furthermore, compli- 
cations may arise when multiple shots are taken 
in one location, since changes in the stoichi- 
ometry or microstructure just beneath the sur- 
face of a crater would be expected to affect 
the analysis obtained from a subsequent shot 

in the same place. Multiple shots are fre- 
quently used in reflection-mode LAMMS either to 
reduce the effects of surface contamination or 
as a crude depth-profiling technique, and in 
some cases the effect of crater depth on laser 


focus alone is sufficient to alter the results. | 


Recent analyses of a copper-boron melt-spun 
alloy on the LIMA-2A in our laboratory showed 
an unusually high degree of scatter in the ion 
ratios of copper and boron.’ It was not clear 
whether this result was due to variations in 
sample composition (for example, undissolved 
boron particles or grain boundaries with a 
higher proportion of boron), or the effect of 
taking multiple shots in each position and thus 
"laser-processing" the surface to be analyzed. 
Since the original microstructure of this sam- 
ple was thermodynamically unstable, a change in 
microstructure on heating the surface was a 
strong possibility. Work on large-scale la- 
ser-surface treatment of inorganic materi- 
als*»3 indicates possible changes that may oc- 
cur on very rapid solidification from the 
melt. These include significant changes in 
microstructure (for example, where the material 
can be quenched to form a homogeneous glassy 
phase), segregation to the surface of dissolved 
impurities, or mixing and solute-trapping to 
give a higher concentration of solute than 
would occur at equilibrium. The velocity of 
the resolidification front plays a crucial part 
in determining which of the above effects will 
occur. This velocity is in turn influenced by 
the total energy absorbed by the sample, the 
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over which significant heating occurs 
to resolidification, and the diffusion 
rates and thermal conductivities of the ele- 
ments concerned. 

Even in samples known to be of uniform com- 
position, relative ion yields vary on multiple- 
shot analysis. Work on gallium arsenide’ indi- 
cated statistically significant differences be- 
tween the average Ga/As ratios obtained from 
fifth-shot and twentieth-shot data at any one 
laser power. 

The effect of the highly localized and non- 
uniform laser spot used in LIMA analysis is 
difficult to calculate from first principles. 
An examination of the LIMA craters has there- 
fore been started in order to study their shape 
and to assess the actual degree of resolidifi- 
cation and accompanying microstructural or 
stoichiometric changes induced in selected ma- 
terials. Casual observation of the craters in- 
dicates that the apparent depth and width vary 
with sample type as well as with laser power 
and focus, while scanning electron microscope 
(SEM) photographs of the cratered surface re- 
veal a central depression surrounded by a 
"splash" zone which apparently contains mate- 
rial resolidified from the melt. The craters 
are now being studied in cross section, and 
preliminary results on a semiconductor sample 
are presented to show the potential of this 
approach. 


Experimental 


Samples of a semiconductor were chosen for 
initial work because they were easily obtained 
with smooth, flat surfaces and because the cra- 
ters produced in this material had previously 
been noted to be large. The sample consisted 
of a layer of Ga-In-Al-As (composition 15.3at.% 
Ga, 26.0at% In, 8.5at% Al, 50.2at% As, nominal 
thickness 4 um) deposited on an indium phos- 
phide substrate approximately 0.4 mm thick. 

A strip of this sample of approximately 4 x 
1.5 x 0.4 mm? was mounted in the LIMA with the 
longest straight edge parallel to the horizon- 
tal traverse direction. The eventual aim was 
to prepare transmission electron microscope 
(TEM) samples in cross section, which imposed 
limits on the width and depth of sample that 
could be used. In order to maximize the 
chances of any transverse section containing a 
visible crater, a row of single-shot craters 
spaced at 5um intervals was made. A second row 
of craters produced by taking ten shots at Sum 
intervals was made, parallel to the single-shot 
row and at a vertical distance of 25 wm from 
it; it was intended that this row should act as 
a marker. A Q-switch delay setting of 5.5 was 
used throughout, which corresponds to about 
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FIG. 2.--Schematic cross section through copper-plated semiconductor "sandwich" (not to scale). 


3 uJ per pulse at the sample surface and is the 
maximum power setting on our instrument. The 
LIMA signal was monitored and representative 
spectra recorded for later analysis. Figure 1 
shows part of the single-shot row and the ten- 
shot marker "trench" produced. 

The cratered surface was protected by glue- 
ing a second, flat section of the same semicon- 
ductor sample over it, using as thin a layer as 
possible of slow-setting epoxy resin. As the 
material is very brittle, the entire "sandwich" 
was then electroplated with copper for two days 
to build up a thick (vlmm) protective coating. 
A fine slitting wheel was used to cut trans- 
verse sections, perpendicular to the rows of 
craters, from the plated block. Figure 2 shows 
the arrangement schematically. 

The resultant slices, each .0.2 mm thick, 
were ground briefly on 1200-grit silicon car- 
bide paper and polished to a 1l-ym finish. In 
some cases, examination under the optical micro- 
scope was sufficient to locate a ten-shot crater 
at this stage. Argon ion beam milling was used 
to remove the remaining unevenness, leaving the 
craters (and some cleavage cracks in the sam- 
ple) as the only features noticeable along the 
interface between resin and semiconductor. 

Both the epoxy resin and the semiconductor thin 
back rapidly under argon ion milling; the micro- 
graph shown in Fig. 3 was taken after 1 h with 
the ion guns set at 6 kV and 0.6 mA, but 15 min 
proved to be enough to produce a "clean" inter- 
face. 

To prepare the specimens for TEM work, a 
thin region close to the crater arrays was re- 


quired. One slice was therefore set in low- 
melting-point mounting wax with the uncratered 
end raised by v100 um (by resting it ona 
folded piece of aluminum foil) and ground back 
carefully until the thin portion of the wedge 
thus produced was within a few hundred micro- 
meters of the craters. The surface was pol- 
ished again to a lum finish and the wedge- 
shaped sample removed, washed in acetone and 
mounted on a single-slot TEM grid. Final thin- 
ning was carried out by ion beam milling, with 
frequent inspection of the sample optically 

and by SEM, until the thin region was less than 
2 um from the bottom of the ten-shot crater and 
at least part of the cratered region was likely 
to be electron-transparent. The preparation 
method used here is based on a technique de- 
scribed in the TEM literature,” which has been 
used for the preparation of TEM foils "edge- 
on." 


Results 


Figure 3 shows a typical cross-sectional 
SEM micrograph of both the single-shot and mul- 
tiple-shot craters, at the same magnification 
as Fig. 1. The single-shot crater would be 
difficult to detect in the absence of the ten- 
shot marker row, but here its position can 
readily be identified. The section through the 
one-shot crater seen here is less than 0,2 um 
deep, whereas the ten-shot crater is more than 
2 um deep at its lowest point. As the multi- 
ple-shot ''trench'' was being produced, it was 
obvious from the appearance of a =p Signal and 
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FIG. 5.--Schematic diagram indicating regions 
of interest in dark-field micrograph. 


the increased In signal in the LIMA spectrum 
that penetration through the GaAlInAs layer in- 
to the InP substrate was occurring. Ten shots 
were generally sufficient to penetrate through 
the top layer and in some cases as few as seven 
shots were required. An example can be clearly 
seen in Fig. 3(b), where the 10-shot crater ex- 
tends into the darker InP substrate. 

There is a striking difference in shape be- 
tween single- and multiple-shot craters in this 
material, with the ten-shot craters having a 
near-constant width of 2-3 um and a high 
"splashed'' rim, whereas sections through single 
shot craters show either a shallow and feature- 
less depression between slightly raised edges 
or (occasionally) a central dip of width <0.5 
um in the middle of this smooth hollow. How- 
ever, the overall width of the hole plus 
"splash" zone is similar for the single-shot 
and multiple-shot craters, about 10 um from rim 
to rim. The next crater, 5 um away, is there- 
fore likely to have intersected at least part 
of the "splashed" lip, and it is obvious from 
Fig. 1 that the craters do overlap. Actual ob- 
servation of the LIMA signal during production 
of the 10-shot trench showed that, following a 
final shot at position x which penetrated to 
the InP substrate, the first shot in the next 
position (x + 5 um) frequently picked up small 
amounts of phosphorus, but that this element 
did not reappear until about the seventh subse- 
quent shot. This result indicates that materi- 
al from the bottom of the crater had been re- 
deposited on the top of the crater lip. 

Any micrograph of the craters can show only 
one of the possible sections through the crater 
arrays, and the profiles seen depend on just 
which line is taken. The gradual removal of 
material by ion-beam thinning, coupled with 
SEM inspection, allows measurements of profiles 
to be made from several parallel cross sec- 
tions, which gives a more representative idea 


of the crater depths. However, an order~of- 
magnitude estimate of the amount of material 
removed in ten shots was obtained by treating 
the crater shown in Fig. 3asif it were isolated 
rather than part of a continuous trench, and 
considering it to have axial symmetry. Approx- 
imate calculations suggest that 30 um? is miss- 
ing, or ~3 um? per shot, representing about 
3 x 10+° atoms. The total number of ions pro- 
duced from this sample in a single shot, mea- 
sured with a current probe, was typically 2 x 
10? ions; an ionization efficiency of a few 
percent is therefore indicated for this mater- 
ial at high laser power. The measurement of 
ion yield was made at the sample stage and does 
not refer to the number of ions detected at the 
electron multiplier, which would be several or- 
ders of magnitude smaller.® 

Preliminary TEM observations were taken when 
the sample had thinned back to within 2 pm of 
the ten-shot crater. The dark-field micrograph 
shown in Fig. 4 was taken with the microscope 
set up in the two-beam condition for strong 
reflection from 400; for an annotated diagram 
explaining the main features visible, see 
Fig. 5. There is an abrupt change in contrast 
between the unaffected InP substrate, which 
gives a strong contribution to the 400 reflec- 
tion, and the region directly below the floor 
of the crater. From this and other dark-field 
images it appears that this region is not dif- 
fracting. The same region also appears darker 
than the unaffected InP in bright-field images; 
taken together, these observations suggest that 
the region may be amorphous. Further thinning 
will be required before the nature of the re- 
gion can be verified and before its extent 
around the sides of the crater can be seen. 
It is also planned to examine the affected zone 
beneath the single-shot crater in this sample 
to obtain an idea of the damage produced in a 
more typical LIMA analysis. 


Cone Lustons 


The feasibility of studying LIMA in cross 
section has been demonstrated, and details of 
the preparation method have been given for a 
semiconductor sample. Typical crater profiles 
obtained by SEM, together with measurements of 
the total ion yield per shot, suggest an ioni- 
zation efficiency (ions created per atom re- 
moved) of a few percent. When further infor- 
mation on typical crater depths is available, 
it should be interesting to compare the ioniza- 
tion efficiencies for various materials with 
the results of LAMMS workers using post-abla- 
tion ionization to improve ion yields.’ Fur- 
ther information on the resolidification pro- 
cesses and depth of damage in the laser-af- 
fected region can be provided by TEM. Initial 
results suggest that the affected zone extends 
for 50-100 nm below the floor of the ten-shot 
crater examined, and that it may be amorphous. 
Although much work remains to be done before 
the effects of the laser pulse can be stated 
with any certainty, the preliminary results 
are encouraging and show that useful informa- 
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tion should be obtainable from microstructural 
investigation of the laser craters. 
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EVOLUTION OF ION ENERGY DISTRIBUTIONS WITH INCREASING ION YIELDS IN 
A LASER MICROPROBE MASS SPECTROMETER (LAMMS) 


Jonathan Housden, K. W. Hutt, and E. R. Wallach 


In a recent publication,’ it was shown that ion 


transmission in a laser microprobe mass spec- 
trometer (LAMMS) was dependent on the total 
number of ions produced Ny, and not necessarily 
on the number detected at the multiplier Ng. 
Typically, as Np was increased from 10° to 
10°°, the transmission efficiency Nqg/Np would 
fall from 107* to 107°. The motivation for the 
work presented in this paper was to insure that 
jon losses through the energy-correcting re- 
flectron in the time-of-flight (TOF) tube were 
not significant. In the Cambridge Mass Spec- 
trometry LIMA 2A,* any ion which has an energy 
of more than 100 eV above the applied extrac- 
tion potential is transmitted through the re- 
flectron and consequently is not reflected back 
to the ion detector. (Any ion with energy low- 
er by, say, 100 eV than the applied extraction 
potential can be selectively filtered out by an 
appropriate potential applied to a grid in 
front of the ion detector.) This paper summa- 
rizes results concerning energy distributions 
at the reflectron position as a function of the 
total number of ions produced. 

The reflectron is normally located at the 
end of the TOF tube, i.e., in the middle of the 
flight path. It was replaced by an electron 
multiplier (EMI 119), which thus removes both 
ion energy focusing and ion energy filtering 
(Fig. 1). In this way, a measure of the orig- 
inal ion energies and distributions was ob- 
tained. Correlations between the numbers of 
ions collected in this mode and ions produced 
from the specimen were made by measuring the 
total charge flowing through the specimen stage 
following each laser pulse.+ 

Two of the main factors that together ad- 
versely affect mass peak widths in TOF mass 
spectrometry have long been recognized and 
clearly described.3 First, ions of identical 
mass, charge, and energy entering a drift re- 
gion may be separated in space along the TOF 
axis and therefore arrive separately (spatial 
spread). Second, ions entering the drift re- 
gion simultaneously, but with a range of kinet- 
ic energies and associated range of velocities 
along the flight axis, result in a range or 
spread of flight times. (The reflectron in the 
LIMA 2A is designed to compensate for the ener- 
gy spread of the ions which arrive subsequently 
at the electron multiplier.) A third factor en- 
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visaged to contribute to a spread of flight 
times may occur in the drift region by repul- 
sion of like charges. This effect is reduced, 
perpendicular to the flight axis, in the LIMA 
2A by a flight wire along the drift axis bi- 
ased at -17 V relative to ion polarity and 
ground. 
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FIG. 1.--Schematic experimental layout of mod- 
ified LIMA 2A biased to detect positive ions. 
Reflectron was replaced by electron multiplier 
ion detector thereby removing ion energy fo- 
cusing and ion energy filtering. 


Results 


Reasonably good mass resolution for silicon 
at low Np (~ <10°) and Nd (~ 102) can be seen 
for peak a in Fig. 2. Such data enabled 
flight-time-to-mass calibration. For addi- 
tional samples (aluminum, silver, and gold), 
good agreement between theoretical and mea- 
sured ion flight times t was obtained for any 
particular mass m by use of the equations be- 
low (after allowing for the times spent in the 
extraction region and in the detector): 


eVo = 5 mv? 


where 


ig a Ee ae 
2eVo 


where Vy) is the extraction voltage and 2 is 
the flight path length in the spectrometer. 
Calculation of theoretical ion flight times 
assumes that the ions have acquired the full 3 
keV available from the extraction field. 
Therefore this agreement confirms that for N 

< 10°, ion formation represents a good approx- 
imation to the ideal TOF ion source, i.e., an 
instantaneous point ion source (no temporal 

or spatial broadening). Accordingly for the 
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FIG. 2.--Overlayed spectra of silicon showing 
(a) reasonably good mass resolution achieved 
for silicon at very low ion production and de- 
tection levels, (b) degradation of mass resolu- 
tion with increasing ion production and detec- 
tion levels. Vertical scale (per division) 

a/b = 1/3, (Spectra are inverted compared 
with those normally published due to use of in- 
verting amplifier in present investigation.) 


geometry adopted in these experiments and for 
Np < 10°, a spread in flight times about the 
ideal for a given mass provides a reasonable 
measure of the spread of ion energies for that 
mass. 

For high ion production levels (N, > 10", 
Na ~ 10°), it was found that mass resolution, 
peak width and peak shape all degrade progres- 
sively with increased ion production (Fig. 3). 
(This result confirms that the reflectron and 
ion energy filters perform well in the conven- 
tional mode of operation.) A repeatable five- 
step sequence of mass-peak shape evolution was 
observed (see, for example, Fig. 3) with in- 
creasing Np and Nd: 


(1) symmetrical peak for low ion yield with 
reasonable mass resolution (Fig. 3a) 

(2) peak "bends" to right and broadens 
(Fig. 3b) 

(3) "shoulder"! appears on left and peak 
broadens (Fig. 3b) 

(4) peak "splits" and broadens further 
(Fig. 3c) 

(5) "tail" appears to the right--very poor 
mass resolution (Fig. 3c) 


Also, by overlaying mass peaks (Figs. 4 and 
5), it was observed, first, that the main 
peak moves to longer flight times with increas- 
ing Np; and second, that the peak width in- 
creases asymmetrically about the ideal mass 
such that the time from detection of the first 
ion to the time for the ideal is less than 
that for the ideal mass to the time for arrival 
of the last ion. 

From stage current measurements ,+ the time 
Te taken for most ions to pass the einzel lens 
was shown to increase with increasing total ion 
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FIG, 3,.--Sequence of mass-peak shape evolution 
with increasing ion production (for aluminum). 
Five steps can be seen as described in text. 


production (see, for example, Fig. 6). How- 
ever TE, which sets a maximum for the temporal 
spread of ions entering the TOF tube, is sig- 
nificantly shorter than the time over which 
individual mass peaks arrive at the detector. 
For example, for the gold mass peak in Fig. 7, 
Tp has a value of < 1 us and the spread of ar- 
rival times at the detector is about 7 us. 
Therefore, for a given mass, the spread in ar- 
rival times at the detector seems to originate 
mainly from a spread of ion energies. 

If it is assumed that the spread in flight 
times is due only to an initial spread in ion 
energies (and hence velocities), then the 
spread in ion kinetic energies can be calcu- 
lated from the ion arrival times. Results are 
shown below for the gold peak of Fig. 7: 


First arrival Au-fast = 3.54 x 107 eV 
Ideal mass Au-ideal = 3.00 x 107 eV 
Most common Au-mode = 2.66 x 107 eV 
Last arrival Au-slow = 2.12 x 107 eV 


Comparison of these results with the numbers 
of ions at various positions in the mass peak 
from which they were calculated (Fig. 7), makes 
it apparent that a few ions have energy 18% 
higher than the ideal, most have energy 11% 
lower, and some as much as 29% lower than the 
ideal, 

Ion-ion repulsion in the drift region within 
the TOF mass spectrometer could, in principle, 
cause ion energy transfer such that some ions 
have energies higher than the ideal. However, 
this mechanism is likely to cause symmetrical 
distortion of mass peaks about the ideal mass, 
which is not observed. Therefore it is be- 
lieved that the fall in average ion energy 
(and the associated delay and distortion of mass 
peaks) originates from processes occurring 
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ions is given by 3.00 - 2.66 = 340 eV. The 
first lens plate is 4 mm from the specimen 
with 1200 V between the two (Fig. 1). Thus 
the distance equals 4 x (340/1200) = 1.1 mm.] 
Similarly, the last ion detected (Au~slow) 
would have been accelerated from about 3.4 mm 
above the surface. 

The most obvious mechanism for this disrup- 
tion from the ideal condition of uniform ac- 
celeration is ion-neutral collisions. (If it 
is assumed that an ion loses all its energy 
in such a collision, then ion-neutral colli- 
sions are significant, e.g., up to a distance 
of 3.4 mm above the surface of the Au peak in 
Fig. 7.) This mechanism would also explain 
the increased stage current duration with in- 
creased ion production and probable increased 
neutral production. Clearly collisions causing 
loss or transfer of kinetic energy from ions 
10 20 30 40 50 60 to neutrals would also delay ion extraction. 

lon mass (m/z) It may be that at low ion production levels, 
the plasma densities are sufficiently low so 
that most ions accelerate through the extrac- 
tion region relatively unobstructed, which 
would explain the good mass resolution with 3 
keV average energy observed for low ion yield 
spectra, and also in TOF-SIMS with the same 
spectrometer. * 

The results described in this paper are in 
broad agreement with earlier work on a trans- 
mission-mode LAMMA 500 in which ion energies 
were estimated by a different method.° In 
both cases, the average ion energy was found 
to be less than the ideal applied potential 
value and to decrease with increased laser en- 
ergy. 

The five-step sequence of mass peak shape 
evolution described above bears strong re- 
semblance to elements of theoretical peak 
90 100 110 1420 130 140 150 160 shapes calculated for the LAMMA 500 instru- 

ment,” which also uses an einzel lens. 
loners 0d) Vertes et al.° calculated theoretical peak 
shapes assuming different initial energy 


Relative 10n current 


Relative ion current 


FIG. 4,.--Three overlayed high ion production spreads and angles of divergence, symmetrical 
spectra of aluminum. Main mass peak moves to peaks were predicted, whereas very asymmetric 
right with increasing ion production and peak peaks with a shoulder on the left side were 
width increases asymmetrically about ideal. predicted for high energy spread and high angle 
FIG. 5.--As Fig. 4 but for silver. Isotope divergence. This result is in agreement with 
peaks at m/e of 107 and 109 Daltons are thor- the present observations. In contrast to their 
oughly merged at these high production levels. theoretical results, the present experimental 
Small spikes are fast noise originating in results show a shift to longer rather than 
postmultiplier pre-amplifier. shorter flight times as asymmetry increases. 
Comparisons should be made only tentatively at 
mainly in the extraction region. this time because of possible differences in be- 
One possible explanation for the fall in av- havior of reflection and transmission geometry 
erage ion energy could be that, when Np is LAMMS. Furthermore, the calculated peak 
high (~ 10°), ions do not experience uniform shapes ® are based on a geometry that includes 
acceleration from the extraction field until the reflectron. 
they are at a significant distance above the However, the energy spread and angle of di- 
sample surface. Taking the Au~mode energy of vergence parameters may well correlate with 
2.66 x 10% eV in the example above, the parameter of ions produced Np used here. 
this would correspond to a distance equivalent It may be that low ion production (produced by 
to 340 V into the extraction field, i.e., 1.1 low laser irradiancies) results in narrow en- 
mm above the sample surface. [This figure for ergy spreads and low angles of divergence. 
the Au-mode is calculated as follows. Assume Conversely, high plasma densities, increased 
that the electrostatic extraction field is lin- collisions, and space charge effects may well 
ear and also is not affected by the presence of lead to broad energy spreads and high angles 
the ions. The loss of energy of the Au-mode of divergence at high Ny. Continuing work will 
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FIG, 6.--Three overlayed stage current profiles obtained with gold sample. 


Relative 10n current 


140 160 180 200 220 240 260 e280 300 
lon mass (m/z) 


As total ion produc- 


tion (i.e., area under curve) increases, current duration increases and current peak moves to 


right. 


Oscilloscope was triggered from Q-switch synchronized pulse. 


FIG. 7.--Spectrum of gold for high ion production (350 000 ions detected) occurring over very 
wide apparent mass range of 167 to 279 Daltons, equivalent to arrival times of 24-30.9 us. 


include calculations of theoretical peak shapes 
for the LIMA 2A geometry and modeling of space 
charge and collisional/density effects. 


Cone lustons 


1. Average ion flight times increase with 
increased ion production Np, which implies a 
fall in average ion energy. 

2. At low Np, the spread in flight times 
about the ideal is narrow. 

3. A five-step mass-peak shape evolution se- 
quence has been observed with increased ion 
production. 

4. At high Np, stage current durations pro- 
vided a measure of the maximum spread in time 
of the ions on entering the TOF tube. This 
temporal spread represents only about 10% of 
the total spread in ion arrival time for any 
single mass peak. Therefore this spread re- 
sults primarily from ion energy spreads and the 
observed five-step sequence reflects evolution 
in ion energy distribution with increasing ion 
production. 

5. Ion energies are distributed asymmetri- 
cally about the ideal energy for all but very 
low Ny. This finding indicates that mass peak 
distortion originates from processes operating 
in the extraction region and not in the drift 
region. 

Future work should include modeling of the 
effects of ion-neutral collisions with in- 
creasing plasma density in order to find a 
mechanism for ion extraction delay and ion en- 
ergy loss. 
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TARGET HEATING, PLASMA FORMATION, AND EXPANSION PROCESSES DURING LASER IONIZATION 


Akos Vertes, Peter Juhasz, Laszlo Balazs, and Renaat Gijbels 


Continuing experience with laser ionization and 
especially with laser microprobing in mass 
spectrometry of solids indicates extreme sensi- 
tivity of the resulting mass spectra toward 
many properties of both the target and the 
laser beam.’ Our previous efforts in order to 
rationalize the details of laser-target inter- 
action*~° led to the distinction of at least 
three different regimes of laser ionization. 
Each regime can be characterized by the depos- 
ited energy density in a single laser pulse: 
(1 - R)¢éat, where © and t are the irradiance 
and pulse length of the laser shot and a and R 
are the absorption and reflection coefficients 
of the material respectively. 

Assuming moderately reflecting opaque tar- 
gets and Q-switched lasers we can translate the 
distinctions into laser intensities. 


a. Low trradianee (~10°-10° W/cm?). Physi- 
cal processes are dominated by surface heating 
and ionization of target particles. Mass 
transfer is negligible across the solid/vacuum 
interface. The mass spectrum contains a sig- 
nificant amount of molecular ions. This regime 
is favored in molecular-weight determination of 
organic molecules, 

b. Medium irradiance (v10’-10° W/cm*). 
Evaporation of the sample becomes non-negligi- 
ble. Laser energy is absorbed both by the 
ionized vapor in front of the target and by 
the target itself. In this case complicated 
fragmentation and recombination processes and/ 
or ion molecule reactions take place in the ex- 
panding plume. The mass spectra may provide 
structural information for organic samples. 

c. High irradiance (~10°-101? W/cem?). The 
deposition of laser energy is governed by the 
strong absorption of the expanding plasma 
cloud created in the early phase of the laser 
pulse, Elemental lines are abundant in the 
mass spectra providing fair possibilities for 
trace analysis of inorganic solids. 


In the following sections simple phenomeno- 
logical models are presented and analyzed for 
the three cases. Temporal and raidal distribu- 
tions of surface temperature are calculated for 
poor and good heat conductors. Low thermal 
conductivity yields a "hot spot" in the center 
of the beam and leads to slow decay of the ex- 
citation after the laser pulse. Elevated 
thermal conductivity leads to opposite effects: 
lower maximum temperature, larger lateral 
spread of the temperature rise, and faster de- 
cay following the pulse, 

For medium and high irradiance, temperature 
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profiles perpendicular to the surface are 
calculated. Medium-intensity pulses lead to 
mass transport across the sample surface and 
to a temperature maximum in the expanding 
plume. If the laser intensity is increased 

to the high-irradiance domain, the heating 
process exhibits two mechanisms. At the be- 
ginning of the laser pulse light is mainly ab- 
sorbed by the solid. The temperature profiles 
are similar to the medium-irradiance case. As 
the density of the ionized plume increases in 
front of the sample, plasma absorption gains 
importance and reaches a point where it domi- 
nates all other forms of energy deposition. 
This leads to a sudden temperature rise accom- 
panied by intense ionization. 


Theorettecal 


1. Low Irradtanee. As an approximation the 
complicated process of laser-target interac- 
tion is modeled as heating of a semi-infinite 
solid by a penetrating source: 


=, [oe] =V[«V(oe)] + (1 - R)a® (1) 
where « is the thermal diffusivity of the ma- 
terial (usually a nonlinear function of the 
temperature) and pe denotes the energy density 
of the material. The TEMoo mode of the laser 
has a Gaussian radial distribution with beam 
radius w. The time dependence is replaced by 
a rectangular impulse composed of u(t) step 
functions: 


o(r,z,t) = doe /W eZ fut) - u(t - 1] (2) 


For the sake of simplicity we assume con- 
stant thermal diffusivity here. If neither 
phase transformation nor mass transfer becomes 
significant and heat loss is negligible 
through the interface, this model can be 
solved to yield the surface temperature dis- 
tribution® T(r,z = 0,t): 


T,2-=°0,t) 


/ i) 
(1 = R)doa : zen dlw? +4 (t-t')] 
: a aa “w2 + 4c(t - t') (3) 
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and cp denotes the specific heat of the mater- 
ial. Numerical evaluation of this formula 


yields the temperature distribution on the sur- 
face during and after the laser pulse. 


2. Medium and High Irradiance. If mass 
transfer across the surface is considerable we 
have to include all three conservation laws in 
the description. The one-dimensional form of 
mass, momentum, and energy conservation has 
the following form’; 


Safe] = - S-fov] (4) 

[ev] ae 2-[p + pv?] (5) 

slo Ce + v?/2)] = - $-[evce a. + xy] (6) 
+ (1 - Rjaéd 


where v denotes the hydrodynamic velocity and 
p stands for the pressure. Since thermal con- 
duction transports a negligible fraction of the 
energy, especially at high intensities, we 
omitted the corresponding term in Eq. (6) (cf. 
Eq. 1). The equations of conservation have to 
be complemented by the equation of state re- 
lating pressure to density and energy. From 
the ideal gas law, we have the well-known form 


p = (1 + n)pkT/m (7) 


where n is the degree of ionization n = 
ni/ntotal, expressed by the number density ra- 
tio of ions. and all particles; m denotes the 
mass of the particles. The internal energy 
density is related to the state variables: 


pe = oa + n)kT + nt, | (8) 


where Ip is the ionization potential. 

To determine the degree of ionization, the 
Saha-Eggert equation was used with the custom~ 
ary simplifications: 


"i m 2nkTm, 3/2 oT ptt) (9) 
Ten p\ ne 
where mg denotes the mass of the electron, 

The linear light absorption coefficient 
a(z,t) consists of two terms. The first ac- 
counts for the normal absorption ao of the sol- 
id without ionization; the second takes into 
account the absorption tpl of the plasma cloud 
a(z,t) = ao (z,t) + 11 (2 (10) 

Finite-difference solution of this one-com- 
ponent, one-dimensional (1C-1D) model requires 
special techniques due to the abrupt changes 
caused by the laser pulse. Further details of 
the model and the solution techniques were de- 
scribed earlier.° 


Results 


At low irradiance radial distributions of 
surface temperature were calculated at various 
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instances. The results for a nonreflecting 
strong absorber (R = 0; a = 2.7 x 10° cm?) 
are depicted in Fig. 1. The density and spe- 
cific heat of the solid were 9 = 8 g/cm? and 
Cp = 0.385 J/gk, respectively. To emphasize 
the importance of a widely neglected factor in 
laser ionization studies, the behavior of a 
poor and a good heat conductor is demonstrated, 
In Fig. 1(a) we used k = 0.0195 cm?/s for low 
thermal conductivity; in Fig. 1(b) we set 

k = 0.195 cm?/s to represent a good heat con- 
ductor. 

Dramatic differences can be observed in the 
surface temperature distributions for the two 
cases, The most significant are that the poor 
conductor is heated to much higher tempera- 
tures and retains elevated values for a longer 
time. 

The temperature distribution perpendicular 
to the surface at the end of a moderate-inten- 
sity ruby laser pulse is shown in Fig. 2 on 
the basis of our 1C-1D model. The nonreflect- 
ing opaque sample (R = 0; ao = 10° cm? 
had ntotal = 107? cm™? number density 
and consisted of m = 4 x 10°25 g particies. 
For the ionization potential I,, a value of 
12 eV was used. Although the solid had an ab- 
sorption coefficient 270 times lower than the 
target of the low-intensity calculation, and 
although the irradiance was only less than an 
order of magnitude higher, we could observe 
stronger heating, especially in the plasma 
cloud in front of the sample. 

The same target was exposed to a 100 times 
larger irradiance laser pulse in the next 
calculation. Temperature profiles at consecu- 
tive time stages are displayed in Fig. 3. 
Strong heating can be observed during the 
first quarter of the laser pulse (Figs. 3a and 
b), leading to almost complete ionization in 
the expanding plume. In the second half of 
the laser pulse the plasma absorption substan- 
tially outweighs the normal absorption. As a 
result a sudden change in the character of the 
temperature profiles can be observed. The 
plasma heats up inducing further ionization 
and that in turn increases the absorption. 
This positive feedback produces an extreme 
temperature rise and fast expansion of the 
plasma. Details of these processes are de- 
scribed in other papers.*> 


Conetlustons 


The large body of experimental observation 
on laser ionization of solids can be divided 
into categories according to the amount of de- 
posited energy and the quantity of ablated 
material. 

For low energy deposition and negligible 
mass transfer across the sample/vacuum inter- 
face, lateral distributions of surface temper- 
ature can be calculated. These results open 
the way to checking previous qualitative mod- 
els based on the cross-sectional structure of 
the illuminated spot in laser ionization ex- 
periments.’ On the basis of surface tempera- 
tures it also becomes possible to judge to 
what extent the temperature rise is responsible 
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FIG. 1,.--Surface temperature rise of strongly absorbing target due to low-power-density laser 


pulse (#9 = 1.6 x 10 
(b) good heat conductor. 


Fig. 2.--Heating 
Opaque sample by 
moderate-inten- 
sity ruby laser 
pulse (9 = 10’ 
W/em?; + = 50 
ns). Vertical 
line shows orig- 
inal position of 
solid (left)/ 
vacuum (right) 
00 interface; light 
z (10 °m) is arriving from 
vacuum side. 
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for ion formation, Other mechanisms such as 
multiphoton ionization or Coulomb repulsion can 
be compared to thermally induced processes, 

Material transport across the sample surface 
is an important factor at medium and high ener- 
gy deposition. In the medium range the empha- 
sis from solid-phase light absorption shifts 
toward absorption by the plume. Temperature, 
density, velocity, and ionization degree pro- 
files can be calculated perpendicular to the 
surface.*> With irradiance increasing above a 
certain threshold (plasma ignition threshold*) 
the ionized plume absorbs heavily (shielding 
the surface from radiation) and reaches ex- 
tremely high temperatures. 


References 


1. L. Van Vaeck, J. Bennett, W. Lauwers, A. 
Vertes, and R, Gijbels, "Laser microprobe mass 
spectrometry: Possibilities and limitations," 
Mtcrobeam Analysts--1988, 351. 

2. A. Vertes, P. Juhasz, P. Jani, and A. 
Czitrovszky, "Kinetic energy distribution of 


aS 


W/em?; t = 50 ns); beam radius is w = 0.5 um. 


(a) Poor heat conductor, 


ions generated by laser ionization sources," 
Int. Jd. Mass Spectr. Ion Proc. 83: 45, 1988. 

3. A. Vertes, P. Juhasz, M. De Wolf, and R. 
Gijbels, 'The role of energy deposition pro- 
cesses in the understanding of laser micro- 
probe analysis mechanisms," Scanning Micros- 
copy, 2: 1853, 1988 

4. A. Vertes, M. De Wolf, P. Juhasz, and R. 
Gijbels, "Threshold conditions of plasma igni- 
tion in laser ionization mass spectrometry of 
solids," Anal. Chem. (in press). 

5. A. Vertes, P. Juhasz, M. De Wolf, and R. 
Gijbels, "Hydrodynamic modeling of laser ioni- 
zation processes," Int, J. Mass Spectr. Ion 
Proce “(AN press). 

6. B. J. Bartholomeusz, "Thermal response of 
a laser-irradiated metal slab," J. Appl. Phys. 
64: 3815, 1988. 

7. D. M. Hercules, R. J. Day, K. Balasanmu- 
gam, T. A, Dang, and C. P. Li, "Laser micro- 
probe mass spectrometry: 2. Applications to 
structural analysis," Anal. Chem. 54: 280A, 
1982, 


T (10°K) 


T (10°K) 


40,29 


0.29 


100.3 


0.3 


© 


2 (10-*m) 


6500 
z (10 ’m) 


(a) 


(c) 


(b) 


Y 20.29 
© 
O 
Ww, 
~ 
0.29 
200 
z (10°°m) 
(d) 
YL 100.3 
™) 
©O 
ww 
- 
03 
0 2000, 4000 
z (10°°m) 


276 


FIG. 3,--Time 
development of 
temperature pro- 
file during 
high-intensity 
ruby laser pulse 
(69 = 10° W/em’; 
ct = 50 ns) hit- 
ting same target 
as in Fig. 2. 
(a) after 7 ns, 
(Gb) 12 as3- Ce] 
21 ns, (d) 50 
ns. 
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ION FORMATION BY DESORPTION FOR LASER-MICRO-MASS-SPECTROMETRY 


Franz Hillenkamp 


During the past 15 years, since the first re- 
ports appeared in the literature, laser-micro- 
mass-spectrometry has been used for many di- 
verse purposes and has found a large variety 
of applications. Although the combination of 
a well-focused laser beam and a (most often 
time-of-flight) mass spectrometer has been used 
in all these cases, it should not come as a 
surprise that depending on the specific analy- 
tical information sought, quite different ion 
formation processes may have been involved. 
The main laser parameters influencing the in- 
duced processes are wavelength, pulse width, 
and irradiance on the sample. Wavelengths in 
the ultraviolet region of the spectrum and 
pulse widths in the range below about 100 ns 
have been used most commonly, but some work has 
also been done with wavelengths as long as 10.6 
um and pulse widths up to about 1 ms. The ir- 
radiances vary from about 10° to 10° W/cm?. 
Besides the high spatial resolution in the 
submicrometer range, laser ionization has gen- 
erally proved to be a very sensitive technique. 
However, depending on the specific analytical 
goal at hand (i.e., search for atomic or molec- 
ular constituents), highest sensitivity for 
only one atomic species or as uniform as pos- 
sible a sensitivity for a larger variety of 
them, relative or even absolute quantification, 
etc.), the laser parameters and the ensuing ion 
formation processes may vary considerably. 
This paper deals only with desorption as dis- 
tinguished from ablation and plasma formation. 
It is also mainly restricted to the process of 
desorption of ions, as against the desorption 
of neutrals to be ionized separately by a sec- 
ond laser beam. 


The Process of Ion Desorptton 


Unfortunately the term "desorption," though 
commonly used, is not very helpful in under- 
standing the underlying processes; nor is 
“soft ionization," the other frequently used 
phrase. Generally desorption is used in all 
cases--such as organic secondary ion mass spec- 
trometry (SIMS), fast atomic bombardment (FAB), 
plasma desorption (PD), or field desorption 
(FD)--in which ions of nonvolatile, thermally 
unstable molecules are generated and are stable 
enough to be detected in the mass spectrometer. 
Even though such desorption spectra may also 
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contain signals of atomic ions, particularly 
of alkalines, the desorption mode is usually 
not desirable for the analysis of atomic con- 
stituents. Since the appearance of parent 
molecular ions and/or the degree of their 
fragmentation is the main and often the only 
accessible or reported information by which 
the spectrum is characterized as a "desorption 
spectrum,' the term may and in all likelihood 
does encompass quite a variety of different 
physical and chemical mechanisms. For example, 
it has been shown that at a wavelength of 193 
mn spectra of organic compounds change quali- 
tatively with increasing irradiance most prob- 
ably because a sequence of different physico- 
chemical processes are induced or dominate.+ 
Even for the "soft" laser desorption of or- 
ganic molecules with a wavelength resonantly 
absorbed by them, the necessary irradiance is 
quite high. For the amino acid tryptophane, 
for example, desorbed resonantly with a wave- 
length of 266 nm, the threshold irradiance for 
the detection of molecular ions is typically 
2 x 10’ W/cm?, corresponding to an energy de- 
posited per single molecule at the surface of 
about 20 eV (4-5 photons per molecule) even if 
only linear absorption is assumed.* If all 
the excess energy above that needed for remov- 
al of the molecule from the surface or out of 
the bulk, and its ionization, remain in the 
molecule, it would surely dissociate into sev- 
eral small fragments. In reality the metas- 
table decay has been shown to be quite limited 
for the vast majority of laser desorbed ions,.? 
Initial energies of such ions usually spread 
over a range of several to several tens of 
electron volts. As discussed below, these ini- 
tial energy distributions most probably do not 
reflect a direct energy transfer during the de- 
sorption/ionization process because they are 
usually associated with an overall energy defi- 
cit relative to the total acceleration poten- 
tial used in the mass spectrometer. 


Depth Resotutton of Laser Desorption 


At first sight, one might assume that by 
definition of the term desorption is strictly 
a surface process, removing physically or chem- 
ically adsorbed molecules. This may indeed be 
the case in static SIMS of monolayers or sub- 
momolayers of organics on well-prepared sub- 
strate surfaces; for laser desorption this 
seems to be hardly ever the case, independent 
of whether one uses the '"LAMMA 500" transmis- 
sion geometry or the "LAMMA 1000" bulk surface 
analysis arrangement. Figure 1] can serve as a 
demonstration of the involvement of the bulk 
material even at threshold irradiance. A1l1 
four figures show spectra of tryptophane, 
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FiG. 1.--Laser desorption mass spectra of tryptophane (A = 
1 wm). 
6Io; D: I = 2010. 


scanning electron micrographs (white bar = 
(threshold); B: I = 2Io9; C: I = 


prepared by drying a drop of about 1 pi of a 
1073 moll7~* aqueous solution onto an aluminum 
substrate, thus forming a layer of solid tryp- 
tophane about 1 um thick. The insets are the 
corresponding SEM micrographs of the irradiated 
spots. At threshold irradiance (Fig. la) and a 
factor of two above threshold (Fig. 1b), only 
sample specific ions appear in the spectrum and 
a slight indentation can be seen in the SEM 
pictures at the irradiated spot. At six times 
threshold irradiance (Fig. 1c) most of the ions 
can still be related to the parent molecule, 
but fragmentation has increased considerably. 
Also, signals of sodium and potassium appear in 
the spectrum. The latter signals most probably 
indicate that the substrate surface had at 
least momentarily been exposed during the laser 
irradiation, even though no Al signal is record- 
ed yet; this assumption is also supported by 
the corresponding SEM picture. At about 20 
times threshold irradiance (Fig. 1d) the spec- 
trum contains mostly signals of unspecific or- 
ganic ions resulting from strong rearrangement 
reactions besides pure fragmentation of the 
tryptophane molecule. Now the substrate is 
clearly involved, as documented by the Alt sig- 
nal in the spectrum and the crater in the SEM 
picture. The lateral resolution is about 1 um 
in these analyses up to about 6 times 
threshold irradiance, even though the nominal 
lateral resolution of the LAMMA 1000 instrument 
used for these experiments is only about 3 um. 
The depth resolution of laser desorption de- 
serves some attention in this context. Even 
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though it is clearly not a pure surface pro- 
cess as demonstrated above, the depth resolu- 
tion can be quite high. A resolution of only 
a few nanometers has been demonstrated repeat- 
edly for sandwich structures of various metals 
or their oxides. (For details see Bahr's pa- 
per in this volume.) In these cases a suffi- 
ciently different threshold irradiance for the 
successive layers seems to be a prerequisite 
for such a high depth resolution. A similar 
resolution has also been demonstrated for the 
system of tryptophane, evaporated in con- 
trolled layers onto etched silver substrates.” 
For a nominally 10nm-thick layer, Agt ions ap- 
peared typically only in the second to third 
spectrum obtained from the same spot on the 
sample; for thicker layers correspondingly 
more shots were required. It was suggested 
that nonlinear absorption causes this shield- 
ing of the substrate surface, because over 95% 
of the incident energy should otherwise have 
been transmitted to the substrate surface by 
the 10nm layer. The SEM pictures shown here 
may actually be somewhat misleading in esti- 
mating the depth resolution. At least near 
threshold, most of the alteration seen may only 
reflect mechanical movement of the sample due 
to elastic deformation during the laser expo- 
sure and is therefore not directly related to 
the depth from which ions are generated. None 
of these observations is fully understood; 
further investigation is needed. 
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Ion Formation 


It has been noted by many investigators 
that the spectra of organics obtained by var- 
ious desorption techniques exhibit strong simi- 
larities, in particular the preference for even 
electron ions, This may have been another rea- 
son for using the term "desorption" in all 
these cases. On the other hand, there is grow- 
ing evidence that these similarities mostly re- 
flect selection rules for ion stability in the 
chemistry going on during or after the actual 
formation of the primary ions and therefore, do 
not reflect equal or even similar physical pro- 
cesses of ion formation and desorption. A ser- 
ies of investigations on tryptophane and other 
indol derivatives in the authors group°’® have 
shown that one can find radical precursor ions 
in many cases which seem to reflect a type of 
photochemistry typical for a resonant photoex- 
citation of the system. One can certainly 
speculate that such precursor ions are gener- 
ated in all cases, but are often too reactive 
or unstable to be detected even under the spe- 
cial conditions used in these experiments (low 
sample temperature, delayed ion extraction). 

It is this very intermediate chemistry that 
makes attempts to infer details of the primary 
desorption/ionization process from the features 
of the recorded spectra so very difficult and 
often misleading. Moreover, this chemistry 
takes place on a nanosecond time scale and in a 
phase of very high density of reactants without 
any solvent shielding the molecules from each 
other, a phase similar to a liquid above the 
critical point. 

Recently we have demonstrated that laser de- 
sorption can generate ions of proteins as large 
as 230 000 Dalton (see M. Karas's paper in 
this volume). It is assumed that another or an 
additional mechanism or mechanisms are involved 
in the formation of such monster ions. The 
above-mentioned energy deficit of most laser- 
desorbed ions may provide a clue. The current 
model for this type of a desorption assumes 
that the laser irradiation of the sample leads 
to a sort of micro explosion of the solid, con- 
sisting of the matrix-dissolved proteins. The 
randomly charged particles or clusters gener- 
ated in this explosion would then successively 
lose matrix molecules through evaporation un- 
til the cooled and charged protein remains as a 
stable entity and can be detected. This model 
clearly constitutes the transition from what is 
usually considered desorption to a sort of ab- 
lation process. 

As mentioned above, laser-desorbed ions usu- 
ally show a distribution of initial energies 
ranging from several to several tens of elec- 
tron volts. In the past, this distribution has 
frequently been taken as an indication for the 
specific features of the laser desorption/ioni- 
zation process. More recently we have measured 
the initial energy distribution of the neutrals, 
desorbed along with (and usually in much larger 
quantities than) the ions.’ Their initial en- 
ergy of only a few milli-electron volts, cor- 
responding to "temperatures" at or below room 
temperature, differs greatly from those of the 
ions. Inasmuch as the ion initial energy had 


indicated a "temperature" much too high for the 
formation of stable molecular ions, assuming a 
thermal evaporation process, the initial energy 
of the neutrals corresponds to a temperature 
much too low for such a process, We therefore 
conclude that the process of desorption cannot 
be described as an equilibrium process. 


Conelustons 


Laser desorption has proved to be a very 
valuable tool in organic mass spectrometry, 
particularly of large biopolymers. Its full 
potential has not been exploited so far, nor 
are the details of the mechanisms understood 
in sufficient detal. In particular, it is the 
influence of the laser pulse width that has 
not yet been investigated in any detail. With 
continuously variable pulse-width lasers be- 
coming available, a new era of further optimi- 
zation and novel applications of laser desorp- 
tion may well lie ahead of us. Laser post- 
ionization and laser photofragmentation may 
add even more versatility to this technique. 
As has been explained above, laser desorption 
(and desorption processes in general) encom- 
passes a rather large variety of steps and 
processes. Though it is tempting to look for 
the unifying model as the final goal in under- 
standing and knowledge, progress in practical 
applicability of the technique will more likely 
result from attempts to observe and exploit the 
more subtle differences and the effects of the 
experimentally accessible parameters. 
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GENERAL LASER POST- IONIZATION 


C. H. Becker, T. N. Tingle, and M. F. Hochella 


Matrix effects and nonreproducibility in laser 
microprobe mass spectrometry and secondary ion 
mass spectrometry have led numerous workers to 
ionize the neutral component after desorption 
or sputtering (so-called post-ionization) in 
order to alleviate these difficulties. The 
specific approach developed at SRI has been to 
use untuned pulsed laser radiation to perform 
an efficient and general (nonselective) ioni- 
zation, followed by time-of-flight (TOF) mass 
spectrometry. Initial developments with both 
sputtering and laser desorption have been ob- 
tained for inorganic systems by nonresonant 
multiphoton ionization with intense (.10?° 
W/cm?) ultraviolet laser radiation.+~* More 
recently, organic systems (bulk polymer sur- 
faces and organic adsorbates) have been inves- 
tigated by single-photon ionization at 118 nm 
(10.5 eV) in the vacuum ultraviolet by genera- 
tion of the 9th harmonic of the Nd:YAG 
laser.*?> Although most of our work has used 
spatially well-defined desorption beams, the 
following example of the chemical analysis of 
the Murchison meteorite by means of thermal de- 
sorption exemplifies the difference between 
selective and nonselective photoionization. 

The Murchison meteorite is a carbonaceious 
chondrite containing about 2% C by weight. Be- 
cause relatively large quantities of the meteo- 
rite are available, extensive analysis has been 
performed with 1-10g samples by solvent extrac- 
tions followed by gas chromatography and mass 
spectrometry (GC-MS), and has conclusively 
shown a wide mixture of sulfur compounds, al- 
kanes, polycyclic aromatic hydrocarbons, and 
even amino acids (see, for example, Ref. 6). 
Smaller, milligram-size samples have been stud- 
ied recently by Zare and coworkers’ using 
pulsed CO, laser blow-off from a mixture made 
of glycerol and pulverized sample, followed by 
photoionization at 266 nm and TOF mass spec- 
trometry. The 266nm results are in agreement 
with this study: this wavelength is selective 
by resonantly enhanced multiphoton ionization 
for the polycyclic aromatic hydrocarbon com- 
ponent, though not with equal sensitivity among 
these species. 


Expertmental Detatls 


A specimen from the Murchison meteorite fall 
in Australia, encapsulated in fusion crust, was 
fractured in the laboratory and a small piece 
weighing a few milligrams was placed in the 
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analysis vacuum chamber on a Ta foil strip 
heater. The sample temperature was then 

raised in increments from room temperature to 
about 600 C. Photoionization was performed 
alternatively with 118nm and 266nm coherent 
beams focused about 1 mm above the sample in 
front of the reflecting time-of-flight mass 
spectrometer. The laser light passed above and 
parallel to the sample stage and did not inter- 
act with the solid sample. The general appa- 
ratus design and procedures are described in 
more detail elsewhere.?~* Blanks, such as 
fractured optical quality quartz, were examined 
to check for laboratory contamination, which 
was found to be negligible. 


Results 


Figure 1 displays the mass spectrum taken 
with 266 nm (4.66eV photons). The following 
assignments are readily made: m/z 128 naptha- 
lene, 142 methyl-napthalene, 156 C-2 naptha- 
lene, 178 phenanthrene/anthracene, 192 methyl- 
phenanthrene, 202 pyrene, and 206 C-2 phenan- 
threne. Figure 2 shows the mass spectrum taken 
from a different but nearby interior fragment 
of the same Murchison meteorite specimen. A 
much more complex spectrum is readily apparent, 
due to the nonselective photoionization for 
compounds having ionization potentials <10.5 eV 
(which includes nearly all organic molecules). 
Though 10 times more laser pulses were averaged 
in Fig. 2 than Fig. 1, the dynamic range is 
more than 10 times higher in Fig. 2. No sensi- 
tivity is lost whatsoever in using single- 
photon ionization. Figure 1 has the advantage 
of being a simpler spectrum but at the signifi- 
cant disadvantage of omitting much chemical 
information. 

A more detailed analysis of the meteorite 
sample by use of Fig. 2 and similar spectra at 
various temperatures is forthcoming and beyond 
the scope of this brief report, but some fea- 
tures follow. First, the polycyclic aromatic 
hydrocarbon mass peaks in Fig. 1 are still 
clearly evident in Fig. 2. A rich variety of 
alkane and alkene series dominate Fig. 2. For 
example, the strong series of m/z 42, 56, 70, 
84, 98 suggest alkane branching at positions 2, 
3, 4, and 5, though m/z 84 also is thiophene 
and 98 methyl-thiophene. Mass 106 is ethyl- 
benzene/benzaldehyde. The family of odd-masses 
m/z 135, 151, 163, and 235 may be from a benzo- 
thiophene based carboxylic acid series, but 
more work is required before this explanation 
can be regarded as conclusive, including delib- 
erate introduction into the analysis chamber of 
low levels of the suspected compounds for com- 
parisons. Mass 17 is NH;, 30 is NO, 34 is HS, 
48 is CH;SH, and 64 is S,. The spectrum 
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extends to about m/z 350. spatially resolved stimulated desorption by 


The Allende meteroite has also been ex- ion, electron, or laser beams. In fact ion and 
amined, Its carbon content is about ten times electron beam desorption have been used pre- 
lower than for the Murchison meteorite and viously with the single-photon lonization ap- 


fewer organic compounds evolve from the sample, proach, *»> 
but there is no difficulty in observing with 
118 nm a dramatically different yet extensive References 
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for applying these ionization methods with 
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FIG, 1,.--Photoionization TOF mass psectrum obtained by use of 266nm light (multiphoton ioniza- 
tion) from thermal desorption of interior fragment of the Murchison meteorite. Spectrum was 
taken at sample temperature of 240 C and represents average of 100 laser pulses. 

FIG, 2.--Photoionization TOF mass spectrum obtained by use of 118nm light (single-photon ioniza- 
tion) from thermal desorption of interior fragment of the Murchison meteorite. Spectrum was 
taken at sample temperature of 270 C and represents average of 1000 laser pulses. 
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7-B 
LAMMS: Pattern Recognition & Cluster Ions 


POLYMER CHARACTERIZATION AND CLASSIFICATION BY USE OF 
LAMMS AND PRINCIPAL-COMPONENT ANALYSIS 


R. W. Odom, Filippo Radicati di Brozolo, P. B. Harrington, and K. J. Voorhees 


The objectives of this work were to determine 
how well the LIMS technique could produce 
unique, characteristic mass spectra from var- 
ious organic polymer formulations and to what 
extent these mass spectra provide a means for 
identifying an unknown polymer. Principal-com- 
ponent/discriminant analysis techniques were 
applied to the mass spectral data produced from 
the LIMS analysis of 19 organic polymers to de- 
termine the uniqueness of the mass spectra. 

The results described below demonstrate that 
LIMS mass spectra of different polymers are 
often quite distinct and can be readily re- 
solved using pattern recognition techniques. 


EFaperimentatl 


A number of the polymers analyzed in this 
study are common polymers employed in a variety 
of applications. For example, Nylon 6 and 12, 
polycarbonate, Mylar 500D, Texin polyurethane, 
and polystyrene are used extensively in various 
polymer products. The polyimide and photore- 
sist samples are commonly used in the micro- 
electronics industry. A set of DDS/TGDDM 
epoxy material was analyzed in an attempt to 
determine whether the LIMS/pattern recognition 
procedure could distinguish various stoichiome- 
tries within the same polymer class. The DDS/ 
TGDDM material is a mixture of a few parts per 
hundred amine function of 4,4'-diaminodiphenyl 
sulfone (DDS) with 80-90% by weight of tetra- 
glycidyl 4,4'-diamino diphenylmethane (TGDDM) 
and 10-20% of a polyglycidyl ether of bisphenol 
A Novolac epoxy. The various DDS/TGDDM epox- 
ies analyzed contained different ratios of 
hardener (DDS) to resin (TGDDM). This epoxy 
system is a commonly used binder matrix for 
continuous carbon fiber reinforced composites .* 
The polymers were either thin films (-1 um 
thick) or bulk solids. We prepared the thin- 
film samples by embedding beads or powders of 
the samples into Spurrs epoxy resin and micro- 
toming thin sections, which were mounted onto 
Si substrates. The locations of the embedded 
polymers were readily apparent in the optical 
microscope of the laser microprobe. Thin sec- 
tions of pure Spurrs were also analyzed in this 
evaluation. We prepared the bulk (thick) sam- 
ples by cutting out a section of the sample or 
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by scraping away the top 1 mm of sample sur- 
face. Both the cutting or scraping were per- 
formed with cleaned surgical knives in order 
to avoid contaminating the sample surfaces. 
The LIMS analyses were performed on a Cam- 
bridge Mass Spectrometry Model LIMA 2A reflec- 
tion-mode laser microprobe, an instrument that 
has been described in detail elsewhere.? Fif- 
teen positive and negative ion laser micro- 
probe spectra were obtained at three different 
laser irradiances for each of the 19 polymers. 
The laser irradiances corresponded to the 
threshold for ionization and irradiance values 
that produced 5 and 25 times the threshold ion 
intensity. Mass spectra were typically ac- 
quired over a mass range from 0 to 300 atomic 
mass units (amu). 

The pattern-recognition routines express 
the individual peak intensities as a percent- 
age of the total intensity in each spectrum. 
The spectra are then autoscaled and an eigen- 
vector transformation is performed on the 
atuoscaled data. Each set of data discussed 
below formed a training set and the number of 
eigenvectors (principal components) retained 
in each training set was at least one-third of 
the total number of spectra within the set. 
These eigenvectors also represented at least 
80% of the variance of the training set. Sam- 
ple distributions are converted from a multi- 
dimensional space to a two-dimensional space 
by plotting of the eigenvectors two at a time 
(Karhunen-Loeve plots). Linear discriminant 
analysis was performed on the principal-com- 
ponent data.? 

Cross validations of the discriminant anal- 
ysis canonical variates were performed as part 
of the pattern-recognition procedures. Cross 
validation of the canonical variates provides 
an unbiased measure of the predictive ability 
of the various canonical variates for classi- 
fying the spectra into the correct category. 
One accomplishes the cross validation by re- 
moving spectra one at a time from the data 
set, building a model based on the canonical 
variates, and then determining how well the 
model predicts the category of the unknown 
spectrum. All calculations were performed on 
an IBM PS/2 Model 60 computer operating under 
MS-DOS 3.3. All computations were performed 
by the RESOLVE software package, which is a 
general-purpose data analysis system." 

The pattern recognition procedures employed 
in this study were based on principal-compon- 
ent analysis/discriminant analysis techniques 
which employ the basic assumption that the 
data can be described by a linear combination 
of various factors (in this case, ion masses) 
having different weights or loadings.° The 
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FIG. 1.--Component scores for the first two canonical variates. 
FIG. 2.--Component scores for the first two canonical variates. 


first step in all of the several commonly uti- 
lized factor analysis/discriminant analysis 
procedures is to determine the primary factors 
or principal components that best describe the 
data set. Principal components can be calcu- 
lated by several techniques; the power method 
was employed for the analysis discussed in this 
paper.’ Each principal component is a linear 
combination of the mass spectra in the data 
set. Spectra composed of principal components 
are referred to as factor spectra. Each de- 
tected mass in the spectrum has a corresponding 
loading on a principal component. A score is 
the projection of a given mass spectrum onto a 
single principal component. 

Once the principal components have been de- 
termined, discriminant-analysis techniques can 
be used to classify these components, The 
principal-component mass spectrum for each 
polymer set is assigned to a category and the 
discriminant analysis maximizes the differences 
of the average score of the components between 
each category while minimizing the variance 
within a category.*> The discriminant-analysis 
procedure generally further reduces the number 
of relevant components. The optimum number of 
components is given by n - 1, where n is the 
number of different categories. This reduced 
set of principal components is referred to as 
the canonical variates. The original data can 
then be employed to cross validate the canoni~ 
cal variates. 


Results and Diseusston 


Figures land 2 illustrate component scores 
for the first two canonical variates observed in 
the analysis of the two diferent polymer sets. 


The percent variance in these canonical vari- 
ates is ranked from highest (first component) 
to the lowest (last component) and the largest 
contribution to the total variance is general- 
ly contained in the first few components. 
Figure 1 shows the scores for these two com- 
ponents obtained in the high-irradiance nega- 
tive-ion analysis of five polyimide and one 
photoresist samples. This data set consists 
of 15 mass spectra (observations) for each 
polymer; the component score plot indicates 
good separation between the various classes of 
polymers as well as reasonably good (tight) 
clustering of the spectra in each class. 

Thus, the discriminant-analysis technique 
qualitatively separates the spectra of the 
different polymers. A more quantitative mea- 
sure of the uniqueness of these spectra is the 
accuracy of the cross validation analysis. 
Cross validation of the discriminant-analysis 
results accurately classified 60% of the mass 
spectra. These classification accuracies are 
considered quite good for this group of poly- 
mers. 

The photoresist spectra (group 6) are read- 
ily distinguished from the various polyimides, 
and there is good separation of the group 1 
and 2 polyimides. The analysis and classifi- 
cation of the spectra of polyimides and photo- 
resists has very important applications in the 
microelectronics industry, in which it is of- 
ten necessary to determine the composition of 
suspected organic residues of these types of 
compounds on Si or GaAs substrates. 

The component scores illustrated in Fig. 2 
represent an even more difficult analytical 
problem. The data set for this analysis was 
the low-irradiance positive-ion mass spectra 
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produced from various DDS/TGDDM epoxy composi- 8. H. S. Chu and J. C. Deferis, Polymer 
tions. These compositions differed in the gram Comps. 5: 124, 1984. 
equivalent amount of DDS hardener added to the 9, P. Geladi and B. R. Kowalski, Anal. 
bulk TGDDM/Novolac resin mixture. It is well Chem. 185: 1, 1986. 
known that the physical properties of the DDS/ 
TGDDM epoxy, including its ability to bond 
strongly continuous carbon fibers, are very de- 
pendent on the DDS/TGDDM mixture ratios.° One 
problem associated with using this epoxy system 
as a carbon fiber reinforcement matrix is that 
although optimum bulk DDS/TGDDM mix ratios of 
0.75-0.85 can be prepared, the bulk resin/ 
hardener blend can segregate about the microme- 
ter-diameter carbon fibers and produce poor fi- 
ber/matrix bonding. This inadequate bonding 
can result in delamination of the fibers from 
the matrix, which can have catastrophic conse- 
quences in the use of this carbon fiber/epoxy 
system for such applications as aerospace com- 
ponents. Thus, the ability to determine the 
DDS/TGDDM ratios at the actual fiber/matrix in- 
terface, coupled with a knowledge of the bulk 
hardener/resin ratios and the macroscopic phys- 
ical properties of the fiber/matrix system, 
could provide a method for certifying the opti- 
mum DDS/TGDDM blend ratios required for ade- 
quate bonding. The component score plot in 
Fig. 2 illustrates that the production epoxy 
formulation that represents a blend ratio hav- 
ing good bonding characteristics can be sepa- 
rated from both the C and E samples. The pro- 
duction epoxy has an amine gram equivalent 
weight ratio of DDS to TGDDM of -0.8 (the gram 
equivalent weight ratios are given in parenthe- 
ses in the legend of this plot) whereas the C 
samples have low (0.2) DDS/TGDDM ratios and the 
E samples have high (1.5) hardener-to-resin 
ratios. Thus the discriminant analysis tech- 
nique separates the extreme DDS/TGDDM ratios; 
however, it does not adequately separate the 
resin/hardener ratios which are quite similar. 
The cross-validation classification accuracy of 
the discriminant analysis and the expert system 
for this data set was 60%. Although this clas- 
sification accuracy is not adequate for rigor- 
ous quality control analysis of these epoxy 
formulations, the technique of partial least 
squares regression analysis” could possibly 
provide a much higher accuracy for the classi- 
fication of the spectra from this chemically 
complex system, 
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PATTERN RECOGNITION AS A COMPLEMENTARY TOOL FOR THE 
EVALUATION OF COMPLEX LAMMS DATA 


Buko Lindner and Ulrich Seydel 


Laser microprobe mass spectrometry (LAMMS) of 
complex material, organic or inorganic, yields 
spectra comprising, besides readily interpret- 
able ion signals, also signals that cannot be 
assigned straightforward to defined structures 
or molecular components of the object, but that 
may nevertheless contain valuable information. 
In spectra taken from a larger number of ob- 
jects from the same population of particles 
(e.g., dust or polymer particles, bacteria) or 
from the same sample layer or thin section of a 
fairly homogeneous material, this information 
is hidden in a larger number of mass peaks, 
giving rise to a characteristic pattern of the 
mass spectrum (termed mass fingerprint). 

By the procedure of pattern recognition the 
hidden information of a collection of objects 
is detected through indirect measurements on 
the individual objects. But even though the 
human eye is a very good pattern recognizer 
when dealing with a very limited number of ob- 
servables (mass peaks) per object, as the num- 
ber of observables and objects increases, only 
computerized recognition procedures can guaran- 
tee a successful handling of the data, 

The mathematical-statistical tools applied 
for this purpose are called multivariate tech- 
niques, They may be divided into classifica- 
tion and discrimination, procedures. Classtft- 
eatton attempts to discover--usually with no 
prior information--the number of groups within 
a given data set together with details of group 
membership; discrimination involves the assign- 
ment of newly acquired or previously uncate- 
gorized samples to one of existing classes. 
Classification can be subdivided into cluster 
analysts and ordinatton; the latter comprises 
nonmetric multidimensional scaling (MDS), prin- 
cipal-component analysis (PCA), and factor 
analysis (FA).* Inaccurate locutions also use 
the notion "cluster analysis" as a general term 
for all these different procedures of pattern 
recognition. 

In general, pattern-recognition techniques 
have proved to be powerful tools in many fields 
of science such as psychology, chemometrics, 
meteorology, sociology, and economics. Ina 
number of applications in mass spectrometry 
outside LAMMS, particularly in pyrolysis mass 
spectrometry (PY-MS), the capabilities of these 
techniques have been impressively demon- 
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strated.*~* Many textbooks describing the 
mathematical background and algorithmic proce- 
dures in detail are available.1°7~° In this 
presentation only a short introduction to the 
most common multivariate techniques, charac- 
terizing their particular merits and examples 
for their application to LAMMS can be given. 
Emphasis is placed on the classification of 
various bacterial populations with respect to 
the effects of various drug regimens. We show 
that multivariate techniques can supply com- 
plementary information to that readily avail- 
able from the directly interpretable elementa- 
ry information on signals. 


Experimental 


In commercially available laser microprobe 
mass spectrometers, LAMMA (Leyboldt-Heraeus, 
Koln, FRG) and LIMA (Cambridge Mass Spectrome- 
try Ltd., Cambridge, UK), small object volumes 
(some cubic micrometers) are vaporized and 
partially ionized by a UV pulse laser beam at 
irradiances in the range 10© to 1011? W/cm?; 
the positive or negative ions produced are 
mass separated in a time-of-flight mass spec- 
trometer and registered in a transient record- 
er, and the spectra are transferred to a com- 
puter for further data handling. The data 
handling may involve mass scale calibration, 
conversion of raw spectra to line spectra by 
peak integration, and normalization according 
to total ion intensity or to the intensity of 
a particular ion. 

Besides elemental and molecular ions, the 
mass spectra also contain a certain number of 
fragment ion species, depending on sample com- 
position and on experimental parameters. In 
particular, spectra from biological and other 
complex organic material comprise a large num- 
ber of ion signals that cannot be assigned to 
specific molecular structures, functional 
groups, or in many cases not even the elemental 
species because of a superposition of elemental 
and molecular ions. This superposition often 
prevents quantitative analyses. Nevertheless, 
these spectra may contain, under certain con- 
ditions, valuable information characteristic 
for the analyzed material. However, the pres- 
ence of this information is not always obvious 
at first glance but is hidden in the complex 
pattern of the mass spectrum, which thus may 
serve as mass fingerprint. 

Figure 1 shows three spectra, each averaged 
over 30 single analyses, all taken from bac- 
terial organisms but from three different gen- 
era. In this example the human eye is able to 
distinguish between the three different pat- 
terns ("zero-order pattern recognition"). In 
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FIG, 1.--Fingerprint mass spectra from three 
bacterial genera (each spectrum is average over 
30 single cell analyses). 


the next example (Fig. 2) this direct differen- 
tiation is not possible. Here, the spectra 
were taken from three different species of the 
same genus. However, as we show later, a dif- 
ferentiation can be achieved by the application 
of more sophisticated computerized evaluation 
procedures. 


Pattern-recognitton Methods 


The following is a brief survey of the main 
pattern-recognition techniques. Depending on 
the particular purpose of differentiation, one 
must distinguish between two principal strate- 
gies; unsupervised and supervised learning. 

In unsupervised learning the classes to which 
the objects belong are not known to the comput- 
er, which attempts to determine any natural 
clustering in the data set. This procedure is 
common to classification methods. In super- 
vised learning the categories to which the in- 
dividual objects belong are known and by means 
of a training set the computer evaluates a dis- 
criminant function, which makes it possible to 
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FIG, 2.--Fingerprint mass spectra from three 
Mycobacteriun avium strains (each spectrum is 
average over 30 single cell analyses). 


assign unknown objects to a particular cate- 
gory. 


Classtfication. Classification covers 
clustering, which aims at ordering objects in- 
to discrete groups (hierarchical or nucleated) 
without the use of any further pre-information 
on the objects and without reduction of dimen- 
sionality of the system; and ordination meth~ 
ods, which provide for the display of inter- 
object similarities in a low-dimensional 
space, The reduction of dimensionality makes 
the data more readily accessible to human 
imagination. For this reason, it seems only 
logical to focus the main interest for the 
evaluation of laser microprobe mass spectromet-~ 
ric data on the ordination methods, since 
these experimental data normally comprise 
large numbers of spectra (objects), each con- 
taining large numbers of mass peaks (vari- 
ables), often obtained from large numbers of 
different samples (groups). Such a typical 
set of raw data from LAMMS experiments is 
schematically shown in Fig. 3. 

Several ordination methods are available 
differing in the extent and kind of informa- 
tion provided. Here, only the most widely 
used methods shall be outlined, which are mul- 
tidimenstonal sealing, prinetpal-components , 
and factor analysts. For the sake of complete- 
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jected as approximations of the points from 
NVAR space into a 2- or 3-dimensional space in 
a way that the interpoint distances are pre- 
served as far as possible by a procedure 
termed nonlinear mapping. A special technique 
for this reduction of dimensionality was de- 
veloped by Kruskal, which is based on a mono- 
tonal regression iteration method, and which 


offers a measure of the "goodness of fit" of 
the final space configuration output by MDS to 
the original NVAR-dimensional confi guration.?* 
Ni - measurements 
c 


peak 
intensity 


vo) rial 


N2 - measure - 
ments from 
another collective 


beeen 


tron “ene The aim of the technique is to minimize this 
ollective MeeetEes : 

In LAMMS it can be assumed that not all the 
measured data (mass peaks} are uncorrelated, 
Thus, for example, fragment ions will be cor- 
related with the respective molecular ions. 
NVAR Therefore, a smaller set of uncorrelated vari- 
FIG. 3.--Schematic representation of typical ables may be introduced that describes the 
set of LAMMS data for pattern recognition. system completely. PCA achieves the reduction 

of dimensionality by finding the new set of 
uncorrelated variables--"principal components" 
Multidimensional scaling (MDS) (PCs)--as linear combinations of the original 
variables. The first PC is, among all the 
linear combinations, the one with the highest 
variance; i.e., it accounts for most of the 
variations in the original data. The second 
PC is the linear combination of variables hav- 
ing the maximum variance of all linear func- 
tions of the given variables that are orthogo- 
nal to the first PC, and so on: NVAR 
PC, = a 45575 
where the coefficients aj; are the so-called 
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plications the first few PCs represent more 
FIG. 4,.--Definition of 'interpoint distance" than 90% of the system's variance. Thus, a 
for 3-dimensional space and Euclidian geometry. plot of the measured data (mass spectra) in 2- 
or 3-dimensional space put up by two or three 
of these PCs reflects the similarity relation- 
ship of the original data (Fig. 5). In con- 
trast to MDS, PCA thus allows to refer state- 
ments deduced from the low-dimensional plots 
to the registered mass peaks. 

FA has similar aims to PCA in that it is a 
variable-directed technique. But whereas PCA 
produces an orthogonal uncorrelated transfor- 
mation of the variables with no further partic- 
ular assumptions required about the underlying 
structure of the variables, FA is based funda- 
mentally on the hypothesis that observed cor- 
relations are mainly the result of some under- 
lying regularities in the data. It is assumed 
that the observed variables are influenced by 
various determinants, only some of which are 
shared by other variables, FA can be under- 
stood as a technique by which a minimum of hy- 
pothetical variables (factors) are specified 
in such a way that the remaining correlations 
between the factors would become zero. 

Principal components and factors are often 
distinguished as the first being defined, the 
latter being inferred factors. Regardless of 
this differentiation, the exact configuration 
of the factor structure is not unique: one fac- 
tor solution can be transformed into another by 


ness it should be mentioned that combinations 
and variations of these methods are also ap- 
plied, for instance, SIMCA (soft independent 
modeling of Class analogy) , which is related to 
PCA and FA.* 

In MDS numerical similarity or dissimilarity 
relationships are calculated on the basis of 
interpoint distances in NVAR-dimensional space, 
in that small distance values are representa- 
tive for a high degree of similarity. This 
feature is demonstrated for the special case of 
3-dimensional space and Euclidian geometry in 
Fig. 4. The two spectra, containing three mass 
peaks each, are represented by two points in 
the space put up by the three rectangular axes 
Xi, X2, X3. This rather descriptive distance/ 
similarity definition is often modified bY the 
use of other than Euclidian geometries** and by 
the introduction of weighting factors.’” Thus, 
for instance, different statistical signifi- 
cances of the contributions from the various 
mass peaks can be considered by these weighting 
factors. The similarity relationships are cal- 
culated on the basis of the outlined algorithm 
for each single pair of points (spectra) in the 
NVAR-dimensional space. Because it is practi- 
cally impossible to visualize the data in the 
space if NVAR > 3, the results have to be pro- 
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FIG. 5.--Schematic representation of two groups 
of objects in PC1, PC2-plane. 


orthogonal or oblique rotational methods with- 
out violating the basic assumption or the math- 
ematical properties of a given solution. It is 
jeft to the experimentator to find the configu- 
ration that allows most meaningful interpreta- 
tions of his data.** 


Disertminatton. Discriminant analysis (DA) 
aims at distinguishing between two or more 
groups and at the assignment of newly acquired 
individuals to one of these groups. One accom- 
plishes the differentiation among the various 
groups by finding linear combinations of the 
variables called "discriminant functions" (also 
“canonical variates'). The first discriminant 
function is the linear combination that of all 
possible combinations provides maximal separa- 
tion between the groups relative to the varia- 
bility within the groups; in other words, it is 
that artificial variable on which the variances 
among group means is maximal as compared to the 
variance within the groups. The maximum number 
of discriminant functions that can be derived 
is either one less than the number of groups or 
the number of discriminating variables (mass 
peaks), whichever is smaller. Under the as- 
sumption that the groups have homogeneous vari- 
ance-covariance matrices and that the variables 
are normally distributed, the statistical sig- 
nificance of the classification of a particular 
individual to a particular group can be judged, 
The principles of DA are schematically illus- 
trated in Fig. 6 for only two groups and two 
variables. 

Besides the "classical" discriminant analy- 
sis there are other methods that allow an as- 
signment of newly acquired individuals to pre- 
formed groups. Based on the classification 
with a training set--individuals of known group 
membership--criteria are found for quantitative 
statements on the enclosure or exclosure of an 
individual to or from a particular group. For 
this task rule-building expert systems are 
used.** 
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FIG. 6,.--Discriminant function for two groups. 


Applicattons 


Pattern recognition techniques increasingly 
gain entry into LAMMS. As the applications in 
LAMMS are versatile--e.g., analysis of partic- 
ulate matter (airborne particles) ,'° bacte- 
ria,+’~?° polymers,+° carbon clusters’? --the 
applied statistical tools cover the whole 
scope outlined above. Complete software pack- 
ages or subroutine libraries have been devel- 
oped and most of them are commercially avail- 
able (e.g., ARTHUR,?2 BDMP,?3 CLUSTAN,** 
IMSL,7° NAG,*® SPSS*’). Furthermore, special- 
ized systems have been developed that fit par- 
ticular demands. 

It is beyond the scope of this paper to 
give a complete overview of the various appli- 
cations in LAMMS or to discuss the examples 
listed above in more detail. We prefer to 
concentrate on the presentation of some of our 
own results from the LAMMS analysis of bacte- 
rial populations. The examples are limited to 
the application of MDS and PCA but neverthe- 
less reveal the capabilities of the methods. 

The intention of our LAMMS work is to gain 
information on the physiological state of bac- 
teria and on its changes due to the effects of 
drugs. This program is part of the develop- 
ment of a test system for therapy control in 
Hansen's disease, an infection caused by bac- 
teria not cultivable in vitro.*°-°° Thus, 
only limited numbers of organisms are avail- 
able from patients' biopsies. The bacterial 
dimensions (appr. 0.5 x 2 um) are such that 
single cells can be vaporized completely by 
one laser pulse. The information is deduced 
on the one hand directly from the cation sig- 
nals of Nat and Kt, measured typically from 
300 single cells from one sample (which per- 
mits the calculation of distributions of the 
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FIG, 7.--Influence of a drug (Trimethoprim) on the physiological state of mycobacteria (M. smeg- 
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(a) relative cumulative distributions of intracellular Nat, 
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after administration of the drug; (b) 2-dimensional nonlinear map of the similarity relation- 


ships among the respective bacterial preparations. 
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FIG, 8,.--Similarity relationships among three mycobacterial species (treated and untreated): 
(a) multidimensional scaling, (b) principal components analysis. 


concentration ratios and with that of the phys- 
iological state within the bacterial popula- 
tion), and on the other hand indirectly from 
organic mass fingerprints in the mass range m/z 
45 to 250.+’ The evaluation of such finger- 
print spectra with pattern recognition tech- 
niques is only meaningful for collectives of 
cells, not for individuals, because of varia- 
tions in the fingerprint patterns from shot to 
shot due to such factors as fluctuations in la- 
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ser irradiance and variations in focusing con- 
ditions and in bacterial dimensions. However, 
this is no serious restriction as long as one 
is interested mainly in questions that concern 
the whole collective, for example in determin- 
ing the effects of various drugs on the same 
population or a differentiation within a popu- 
lation according to certain well-defined mor- 
phological characteristics. In our pattern- 
recognition applications the evaluation is 


therefore based on spectra that are the aver- 
age over 30 single cell fingerprints from the 
same population. Details of the data proces- 
sing are given elsewhere.?” 

Figure 7 shows the results of the measure- 
ments of the Nat,Kt-ratios and of the evalua- 
tion of the mass fingerprints of bacterial cul- 
tures exposed to a drug (Trimethoprim, TMP) at 
5-fold the minimal inhibitory concentration 
for various time periods. From the relative 
cumulative distributions the percentage of bac- 
teria with a Nat,Kt-ratio below a given value 
can be determined. In the example (Fig. 7a) 
50% of the bacteria of the untreated control 
have a Nat,Kt-ratio below 0.05, whereas after 
47.5 h of treatment the 50%-value increases to 
v1. This increase is indicative for the drug- 
induced impairment.** In principle, this ef- 
fect of the drug on the bacterial population 
is also reflected in the fingerprint evalua- 
tion. This is illustrated in Fig. 7(b) showing 
a 2-dimensional nonlinear map of the similarity 
relationships of the various cultures, where 
each culture is represented by four averaged 
spectra (as described above) that are intercon- 
nected. The increasing degree of impairment in 
dependence on the duration of the drug interac- 
tion and an obvious recovery of the culture af- 
ter longer times (73 h), which can be explained 
by the multiplication of a low number of unin- 
paired (resistant) organisms, is expressed by 
the distances (similarities) between the var- 
ious samples and the untreated control. The 
similarity relationships were determined by MDS 
modified according to Eshuis et al.,** who in- 
troduced weighting factors ("characteristici- 
ties") for the calculation of the interpoint 
distances. With these characteristicities the 
reproducibility (intersample/culture variance) 
and the specifity (inverse to the intrasample/ 
culture variance) of each mass are taken into 
account. The graphical display of the inter- 
point distances were performed as described by 
Kruskal .?4 

In Fig. 8 a comparison of MDS and PCA is 
given for the evaluation of experiments on the 
effect of a drug (rifampicin, Rifa) on three 
mycobacterial species. MDS of all six cultures 
(three untreated and three treated) yields only 
two well-separated narrow assemblies of points 
according to the effect of Rifa; however, when 
properly magnified, each reveals a fine struc- 
ture according to the dissimilarities among the 
three species in each case. This result im- 
plies that alterations in the fingerprint spec- 
tra are mainly caused by influences of the drug 
and are only secondarily due to species-specif- 
ic influences. 

The display of the spectra in the PC1,PC2- 
plane in Fig. 8(b) demonstrates that the drug- 
induced and the species-specific characteris- 
tics contribute to the separation to a compar- 
able extent. In this example 65% of the total 
variance are represented by the first two PCs. 
PC1l differentiates between treated and untreat- 
ed bacterial cultures and PC2 between the three 
bacterial species. The PC-loadings allow to 
refer to the original data (mass peaks) contri- 
buting to the separation, 
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As already proved in other fields of mass 
spectrometry, pattern-recognition techniques 
also contribute valuable information to LAMMS 
from the evaluation of not directly interpret- 
able mass peak patterns. The availability of 
a variety of comprehensive software packages 
allows, in general, a convenient handling of 
the various pattern-recognition techniques. 
Particular care has to be taken on the raw 
data pre-processing, which may influence the 
clarity of the results in a non-negligible 
way. From our experience, a major restriction 
for the application of pattern-recognition 
techniques in LAMMS arises from the poor long- 
term reproducibility of the instrumental per- 
formance hampering the acquisition of data 
pools, which could serve as long-term training 
sets and standards. Not considering this fea- 
ture may lead to a separation according to the 
receipt stamp of the samples. 

The examples presented clearly demonstrate 
that the application of pattern-recognition 
techniques in LAMMS on very limited numbers of 
fingerprints obtained from microscopically 
small individual objects of a sample can pro- 
vide reliable information on similarity rela- 
tionships among samples. Besides the pure de- 
tection and description of classes in a sense 
of classification and discrimination--which 
give information on membership of a sample to 
a particular class or, as shown in the above 
examples, on the dynamics of alterations of a 
particular characteristic of a group--it is to 
be expected that pattern recognition will also 
provide support for the explanation of the un- 
derlying molecular processes responsible for 
the differentiation. 
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MOLECULAR SPECIATION OF MICROPARTICLES: APPLICATION OF PATTERN-RECOGNITION 
TECHNIQUES TO LASER MICROPROBE MASS SPECTROMETRY DATA 


Chul-Un Ro, I. H. Musselman, and R. W. Linton 


mation Model 8100 transient recorders. De- 
tailed descriptions of the experimental condi- 
tions, spectra, and sample collection/prepar- 
ation are provided elsewhere.*»* Two tran- 
sient recorders were used to record the mass 
spectra Simultaneously at 1 and 0.1V settings 
for individual standard particles. With the 
exception of a few atomic ions, mass spectra 


Laser microprobe mass spectrometry (LAMMS) pro- 
vides a potentially powerful tool in elucidat- 
ing the major molecular species present in par- 
ticles of micrometer size. For example, mass 
spectra for standard nickel-containing parti- 
cles show characteristic cluster ion mass peaks 
for each compound.*+ However, the assignment of 
molecular species in individual nickel-contain- 


ing environmental particles by LAMMS alone is 
complicated by inherent particle heterogeneity, 
both physical and chemical. This complication 
was illustrated in our prior microprobe studies 
of environmental particles produced by nickel 
smelters in which the chemical form of nickel 
is of interest because it affects particle tox- 
icity.? 
inherent instrumental factors such as varia- 
tions in laser power or focus from shot to 
shot, limited dynamic range, and the complexi- 
ties of cluster ion formation. To exploit ef- 
ficiently the molecular information present in 
complex LAMMS data, one must apply statistical 
techniques such as pattern-recognition methods. 
However, only a few such studies for any LAMMS 
application have been attempted to date.*>" 

In this research, LAMMS data obtained from 
Ni metal, NiO, NiSO,*7H20, and NiS standard 
particles are evaluated by principal-component 
analysis. The cluster patterns plotted in 


Such LAMMS studies are also limited by 


principal-components space provide the decision 


rule for the assignment of nickel-containing 
environmental particles to specific molecular 
species. The successful application of these 
procedures relies primarily on the quality of 
fewer extracted features from the raw spectral 
data. 
ing statistical approaches, including spectral 
normalization procedures, to obtain the best 
subset of mass peaks to assign molecular spe- 
cies. 


Eaperimental 


The LAMMS data for standard and environmen- 
tal particles containing various nickel com- 
pounds were obtained with a Laser Microprobe 
Mass Analyzer, LAMMA-500, coupled to two Bio- 
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The emphasis in this work is on evaluat- 
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with lower gain exhibited no severely satu- 
rated peaks. Hence, these spectra were used 
to correct the saturated peaks in higher-gain 
spectra to increase the dynamic range.° °° 

The software used to perform this study was 
the S statistical software system from AT&T 
Information Systems.’ Calculations were per- 
formed on a DEC Vaxstation II computer. 


Results 


After correcting for saturation, spectral 
normalization must be performed to help com- 
pensate for variations in the ion intensities 
from shot to shot due to differences in par- 
ticle geometry, laser power, and laser focus. 
One important objective of this study was to 
evaluate various approaches for spectral nor- 
malization with respect to the ultimate utili- 
ty of the data for pattern-recognition applica- 
tions. Three options were investigated: 
malization of individual ion intensities to 
the total sum of intensities of approximately 
190 mass peaks, (2) normalization to the nick- 
el atomic ion (°°Ni*), and (3) normalization 
to the nickel dimer (7?°Ni2.* was almost always 
observed in both the standards and the nickel- 
containing environmental particle samples). 

The "characteristicity" values’ of about 
190 mass peaks, which are the ratios of inter- 
group variance to intragroup variance, were 
calculated to get the most significant fea-~- 
tures for the three types of normalized spec- 
tra. The 10 mass peaks with the highest 
characteristicity values are listed in Table 1. 
They include: NiS* (m/z 90, 92), NiS,* or 
NiSO,+ (m/z 122, 124), Ni,0* (m/z 132, 134, 
136), and Ni,S* or Ni,0,* (m/z 148, 150) ions 
which are known to provide qualitative "'fing- 
erprints" for the standard compounds at low 
laser power densities.? 

The characteristicity values are dramati- 
cally increased by normalization to the nickel 
dimer ion (m/z 116 peak). The significance of 
the characteristicity was evaluated by calcu- 
lations of the variance ratio or F test.° 
With 10 data for each standard (40 total), the 
significance at the 99% confidence level is 
4.57. With intensity normalization to the to- 
tal intensity sum or to atomic nickel, only 
two mass peaks have significant character- 


(1) nor- 


TABLE 1.--Comparison of normalization tech- 
niques for LAMMS data - mass peaks with high 
characteristicity for standard particles. 


Normalized to. Normalized to Normalized to 
Total Intensity Sum méz=38_peak (Nit) miz=116_ peak (Niz*} 
90 L120 63 122 150 23.27 
63 5,47 90 4.63 90 20.00 
150 304 150 257 148 8,53 
136 303 135 255 134 $8.32 
132 3 03 133 240 92 281 
134 299 132 2.32 136 121 
135 2 66 134 2 26 132 6.13 
92 2 63 136 225 122 4.96 
133 2 60 27 221 63 388 
148 221 148 211 124 3.74 


isticities at the 99% confidence level. In ad- 
dition, one of these two peaks is atomic copper 
(®8cut), which is a common contaminant in the 
spectra, as verified by consideration of 
S3cu/*5cu isotope ratios. However, normaliza- 
tion to the nickel dimer (m/z 116 peak) results 
in eight characteristic mass peaks (Table 1). 
Such a result is not unexpected. LAMMS mea- 
surements at highest laser power density tend 
to generate mainly the atomic mass peaks such 
as atomic Nit isotopes (m/z 58, 60, 62, 63, and 
64) and atomic S+ isotopes (m/z 32, 33, and 
34).4 Nickel ion clusters such as NiSt, Ni,*, 
Ni,O+, and Ni,S*/Ni,0,* are relatively more 
abundant at lower laser power density. Since 
the data were obtained at lower laser power 
density, the Ni cluster ions contain the pri- 
mary information for molecular speciation. 
Other factors also limit the utility of the 
normalization either to total spectral inten- 
sity, or to atomic nickel ion. The former ap- 
proach requires a very detailed evaluation of 
each mass peak for saturation. In addition, impur- 
ity elements with high atomic ion yields (e.g., 
Na, K, Al, Ca) can grossly affect the total 
spectral intensity in a fashion totally unre- 
lated to variations in nickel speciation. The 
normalization to atomic nickel requires fre- 
quent saturation corrections involving the use 
of minor nickel isotopes. More important, the 
relative intensity of Nit varies with laser 
power density in a different way than the nick- 
el-containing cluster ions, as we have shown 
previously for thin film samples.*° Since la- 
ser focus, and consequently laser power density, 
inevitably varies from particle to particle due 
to the irregular morphology and size of indi- 
vidual particles, normalization of cluster ion 
intensities to atomic nickel appears less suit- 
able. On the other hand, the nickel dimer 
shows an intensity profile as a function of la- 
ser power density very similar to that of other 
nickel-containing cluster ions.*° Since it is 
the only nickel-containing cluster that appears 
reliably in most spectra, the nickel dimer is an 
obvious choice for intensity normalization. 
With the eight mass peaks of highest signif- 
icance in the spectra normalized to the nickel 
dimer, principal component analysis was applied 
to the 35 standard particles that had suffi- 
ciently intense nickel dimer cluster peaks. 
The first two principal components contain 85% 
of the information (variance) in the extracted 
data (Table 2A). The loadings of two principal 
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TABLE 2 


A Standard Deviation of Each Principal Component 
ist 2nd 3rd 41h Sth 6th 2th 81h total 


128 075 010 009 006 065 003 0 03 239 
536314 42 38 25 21 13 13 «100 


Std Dev 
% of Variance 


B Loadings of First and Second Principal Components 
90 92 122 132 134 136 148 150 


010 004 000 -0.75 -0.58 -021 019 0.13 
027 -013 -020 -019 -014 -005 -0.69 -0,59 


mlz 


First 
Second 


components (Table 2B) indicate that the first 
component has the strong contributions from 
m/z 132 and 134 peaks (Ni,0*); the second com- 
ponent, from m/z 148 and 150 (Ni,S*+, Ni202*). 
In other words, consideration of only two 
classes of Ni cluster ions in principal-com- 
ponent analysis seems sufficient to differen- 
tiate the molecular species. 

In Fig. 1, standard data for the four mo- 
lecular species are plotted in first and sec- 
ond principal-components space. The larger 
variances of NiSO,y*7H20 in the first component 
and of NiS in the second component, compared to 
those of NiO and Ni metal, may be due to great- 
er susceptibility of cluster ion formation for 
the former compounds to shot-to-shot variance 
in laser focus and power density. Of addi- 
tional concern is the high water content of 
the sulfate standard, and possible surface ox- 
idation of the sulfide standard. 

In Fig. 2, the data for the nickel-contain- 
ing environmental particles are projected onto 
first- and second-components space. The clus- 
ter patterns of the standards data are out- 
lined by solid lines in Fig. 1. Two sample 
groups clustered to NiS and NiO species have 
larger variances than those of the correspond- 
ing standard data. This feature is expected 
to reflect greater intra- and interparticle 
heterogeneity in the environmental sample. On 
the other hand, the sample group clustered to 
nickel sulfate has a surprisingly smaller var- 
iance than the standard and it is located 
closer to the NiO group. The location shows 
that the Intensities of Ni,0* and Ni2S*/Ni202* 
ions in the sample group are relatively small 
compared to those in the standard NiSO,+7H20 
particles, which may be explained by several 
factors. For example, it is known from x-ray 
photoelectron spectroscopy (XPS) that sulfate 
is surface enriched on the environmental par- 
ticles which consist primarily of nickel ox- 
ides.*? However, the XPS result averages over 
a large number of particles. Laser desorption 
studies also indicate the presence of surface 
sulfate, by use of negative ion detection.°® 
Second, the water content of the sample may 
differ considerably from the highly hydrated 
NiSO,*7H20 standard. The high water content 
of the standard probably enhances the signals 
observed for oxygen-containing clusters. 

In addition to XPS, direct qualitative evi- 
dence for intraparticle heterogeneity has been 
obtained by scanning electron microscopy 
coupled to energy-dispersive x-ray spectroscopy 
(SEM/EDS) and secondary-ion mass spectrometry 


(SIMS) imaging of particle cross sections .? 


This evidence is consistent with the results 
shown in Fig. 2. Several groups of environ- 
mental particles are clustered outside the four 
molecular groups for the standards. These "be~ 
tween" clusters are shown within dotted out~ 
lines and labeled as I, II, and III in Fig. 2. 
The visual inspection of mass spectra of these 
particles clearly supports the actual presence 
of mixtures of nickel species, since those 
spectra show the "fingerprints" of more than 
one molecular species. However, the positions 
of Clusters I, II, and III in Fig. 2 do not 
necessarily mean that each represents a binary 
mixture of two molecular species from the two 
standard clusters directly adjacent to it. 
Clusters I and II probably do represent oxide/ 
sulfate mixtures as substantiated by corre la- 
tive XPS and SEM/EDS studies.*°!1>'? Cluster 
III may reflect some deviation from the NiS 
standard because of variabilities in Ni/S stoi- 
chiometries in the environmental particles con- 
taining mainly nickel sulfides. It is known by 
x-ray powder diffraction? that the sample con- 
tains a significant quantity of nickel subsul- 
fide (Ni;S,) in addition to NiS. Thus, it is 
possible that Cluster III reflects the presence 
of NizS,, which is a species of particular en- 
vironmental significance.?»* 

Of the 58 environmental particles out of 172 
whose LAMMS spectra exhibit nickel-containing 
cluster ions, 37 are assigned as NiO, 15 as 
NiS, and 6 as NiSO, by use of the K-nearest 
neighbor technique (KNN) where K = 1.7? How- 
ever it is apparent that some of the NiO and 
NiSO, particles contain mixtures of the two 
species, and that the NiS class may also in- 
clude Ni;S,. Results are quite similar to 
prior assignments achieved by correlating laser 
and electron microprobe data without the formal 
use of pattern-recognition techniques.? Sulfur- 
to-nickel x-ray intensity ratios obtained with 
SEM/EDS were combined with the qualitative 
identification of the presence of characteris- 
tic cluster ions. The classification results 
are compared in Table 3 (3A vs 3B). They are 
comparable except for the relative proportions 
of oxide and sulfate. The difference in the 
results reflects the use of quantitative rela- 
tive intensities of cluster ions in the pat- 
tern-recognition approach. The results of 
pattern recognition (Table 3A) also are closer 
to the distribution of species obtained by wet 
chemical analysis, which indicate a small sul- 
fate component and a large oxide component 
(Table 3¢).° 


Conelustons 


This paper demonstrates the utility of pat- 
tern-recognition techniques in relating complex 
LAMMS cluster ion data to molecular species in 
individual microparticles. Results of princi- 
pal-component analysis are enhanced by appro- 
priate approaches to spectral normalization, in 
this instance by use of a common cluster ion. A 
characteristicity tests is employed to select 
cluster ions of highest significance in dis- 
tinguishing various species. Specific results 
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TABLE 3 


A Classification Using Pattern Recognition Method (KNN, K=1) 


Nickel oxide 37 63 8 
Nickel sulfate 6 i03 
Nickel sulfides 15 259 
Nickel mejal__ 2 0,0 
Total 58 100 


B Classification Using Qualitative Laser Microprobe Data2-5 


No. of Particles % of Particles 


Nickel oxide i7 298 
Nickel sulfate 5 iS 8 
Nickel sulfate or mixture including 

nickel sulfate and nickel oxide 17 298 
Nickel sulfides 14 24 6 
Nickel metai 00 —0.2 
Total 57 i100 


C Classification Using Wet Chemical Techniques> 


Nickel oxide 437 803 
Nickel sulfate o8 15 
Nickel sulfides 95 175 
Nickel metal a4 0,7 
Total 544 ig0 


are provided for the identification of nickel 
compounds in environmental samples. However, 
a difficult problem is extensive intraparticle 
chemical heterogeneity. Results of cross- 
sectional imaging (SEM/EDS, SIMS) are used to 
verify the existence of intraparticle chemical 
variations. The LAMMS/pattern-recognition ap- 
proach provides a quantitative estimate of the 
distribution of nickel species quite compar- 
able to wet chemical data on bulk samples. 
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FIG. 1.--Principal component plot of standard spectra for nickel-containining compounds (8 or 9 
spectra each for 4 compounds). 
FIG. 2.--Principal component plot of 58 nickel-containing environmental particles (points) com- 
pared to standard data (solid outlines as also shown in Fig. 1). Clusters I, II, Til (dotted 
outlines) apparently represent mixtures of nickel species within single environmental particles 
not clearly associated with clusters of individual standard compounds. 
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OBSERVATIONS OF CARBON CLUSTERS FROM POLYCYCLIC AROMATIC HYDROCARBONS 


D. N. Lineman, 5. K. Viswanadham, A. G. Sharkey, and D. M. Hercules 


High-mass carbon clusters formed by laser inter- 
action with a carbon source have been reported 
by several investigators?** and more recently 
observed in Cft plasma desorption.® High-mass 
carbon clusters seemingly consist only of car- 
bon, and occur at 24amu intervals, correspond- 
ing to Czn, in the range 20 < n < 300. Efforts 
to resolve the structure of high-mass clusters 
has been an increasingly active area of re- 
search; however, little work has been done to 
deduce the mechanism of their formation. Re- 
cently, high-mass carbon clusters have been 
formed from polycyclic aromatic hydrocarbons 
(PAHs) in a LAMMA-1000 laser mass spectrome- 
ter." It is hoped that through the use of PAHs 
the mechanism by which high-mass carbon clusters 
are formed can be elucidated, which should lead 
to the resolution of their structure, 


Expertmentatl 


PAHs purchased from Aldrich Chemical Co. 
were analyzed without further purification by 
use of the LAMMA-1000, described elsewhere.° 
Samples were dissolved/suspended in volatile 
organic solvents (methanol, acetone, benzene) 


The authors are at the Department of Chemis- 
try, University of Pittsburgh, Pittsburgh, PA 
15260. 


deposited on zinc foil, and allowed to air dry 
before analysis. Laser power densities rang- 
ing from 10’ to 10° W/cm? were achieved by de- 
focusing at constant laser energy. 


Results 


Figure 1 shows the laser mass spectrum (LMS) 
of chrysene (mst 228). Low mass clusters of 
the form C, (1 < n < 28) (Type I) can be seen, 
as well as high-mass clusters (Type III) de- 
scribed above. This type of clustering has 
been observed for all PAHs analyzed which con- 
tain at least one benzene ring. The laser 
power density needed to produce Type III clus- 
tering depends on the structure of the PAH. 
Compounds which form Type III clusters, in or- 
der of increasing laser power density required, 
are coronene = pyrene = chrysene < anthracene 
<< 9,10-dimehtylanthracene << tetraphenylben- 
zene << acridine < phenazine. By lowering the 
laser power density, Type III cluster formation 
is halted and clustering of the type (mM - xH)* 
(Type II) takes place; nM is a multiple of the 
molecular ion from 1 to 5, and xH is loss of 
hydrogen atoms. Hydrogen loss is compound de- 
pendent and can give structural information 
about the cluster formed. Figure 2 shows an 
example of the transition between Types II and 
III clustering in pyrene from lower laser power 


or OMRON can neat sanetentes aerate aeneenats eet eacaanes enna mamma teenie memati eine aad 
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FIG. 1.--Positive-ion LMS of chrysene. 


Spectrum is compilation of four mass spectral regions. 
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FIG. 2.--Positive-ion LMS of pyrene: (a) 325 ym 
defocused, (b) 275 um defocused, (c) 250 um 
defocused. 


density (Fig. 2a) to high laser power density 
(Pigs 26) 5 


Diseusston 


To date, Type III clusters have been ob- 
served from graphite, polyamide, polyvinyldi- 
fluoride and polyvinyldichloride, poly(2,5- 
thienylene), and PAHs. One can assume that for 
these structurally different compounds to form 
the same type of clusters, they must proceed 
through some common mechanism. These possibil- 
ities are: 


1. Atomization and recombination of carbon 
atoms forming Type II1 clusters. 

2. Transition through an acetylinic rear- 
rangement forming Type III clusters. 

3. Transition through an aromatic condensa- 
tion forming Type II1 clusters. 


If atomization of the sample to carbon atoms 
is a necessary stage in Type III cluster forma- 
tion, then phenazine should require lower laser 
power density than coronene to form Type III 
clusters (assuming energy for atomization being 


primarily that needed for bond breakage and 
disruption of aromaticity). However, as 
stated earlier, coronene clusters at a much 
lower laser power density than phenazine. 
Laser interaction with solids can create a 
high-temperature plasma region. Previous 
studies have shown that thermal decomposition 
of polyvinylchloride and polystyrene results 
in the formation of primarily aromatic com- 
pounds. If an aromatic structure is necessary 
for Type III clustering, then coronene and py- 
rene should require low laser power density 
(possibly just enough for free radical forma- 
tion); tetraphenylbenzene, higher power densi- 
ty, to break single bonds between phenyl 
groups; and the highest laser power density 
for phenazine, which would require cleavage of 
four C-N bonds to free aromatic rings. © 
This type of energy ordering is observed. The 
appearance of Type II clusters is possibly a 
transitory step between simple aromatic com- 
pounds and Type III clusters. Studies will 
continue to determine the structure of Type II 
clusters and their relation to those of Type 
i i 
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CLUSTER ION FORMATION BY LASER-INDUCED EVAPORATION OF GROUP IV OXIDE ELEMENTS 


A. Mele, D. Stranges, A. Giardini-Guidoni, and R. Teghil 


The study of elemental clusters has been very 
active and the experiments investigating their 
formation have recently undergone an explosive 
growth due to the development of techniques 
such as laser evaporation and molecular 
beam.'*? This report deals with the determina- 
tion of cluster ions formed from Group IV metal 
oxides by use of the LAMMA technique. Laser 
evaporation and cluster ion formation from 
these compounds may be affected by their struc- 
tures. The aim of the present investigation is 
to provide an insight in the mechanism leading 
to the formation of small cluster and to their 
stability. 


Expertmental 


The laser irradiation of the samples and 
cluster ion analysis were performed in the same 
manner as described in a previous paper.* A 
commercial LAMMA 500 instrument by Leybold- 
Heraeus has been employed. Solid samples were 
finely ground and spread onto an electron mi- 
croscope grid. The frequency-quadrupled Nd-YAG 
laser was operated at 10°-10° W/cm?. The data 
were collected through a transient digitizer 
and processed by an "on line'' computer. 


Results and Diseusston 


The mass spectrum analysis of samples shows 
positive and negative cluster ions of various 
composition depicted by homologous series. 
Figure 1 describes typical mass spectra of pos- 
itive ions obtained when the laser is focused 
on the internal side of a fused silica glass 
0.3 mm thick. As can be seen from this figure, 
three series (SinO3n, SipOjn-2, and Sin0en=1) 
are observed. The relative abundance of the 
single components of these series varies with 
n. All positive cluster ions with n > 4 have 
roughly comparable intensities. At n = 2 the 
relative abundance is the following: Si,07 > 
$1505 3} Si20y. This trend parallels the in- 
tensity of Si* > Si0* >> SiO#. The SipOjZn se- 
ries has lower intensities in a large range of 
n and the trend shows intensity maxima at n = 3 
and 7. In the mass spectra of negative cluster 
ions, the two series SipOzpn and SinOjn+, are 
present, with abundance intensities of the com- 
ponent decreasing with n. LAMMA spectra of 
germanium oxide, Sn0O,, SnO, PbO, and PbO, show 
the presence of relatively small cluster ions. 


A. Mele and D. Stranges are at the Diparti- 
mento di Chimica, Universita "La Sapienza," 
Piazzale Aldo Moro 5, I-00185 Rome, Italy; A. 
Giardini-Guidoni and R. Teghil are at the 
Istituto di Chimica, Universita di Basilicata. 
They acknowledge the experimental contribution 
of M. Matricardi. 


Abundance (arbitrary units) 


150 


Sin OSq x 100 
50 : 


Si,0>n-1 * 20 


FIG, 1.--Positive ion intensity of silica 
specimen as a function of increasing number of 
Silicon atom. 


The sequences observed for both positive and 
negative ions are shown in Table 1. 

The main feature that appears from the 
LAMMA spectra of oxides is that all positive 
or negative cluster ions are formed of homolo- 
gous series built up of simple MeO or MeO, 
units. The silica positive series may be de- 
picted' as simple (Si02),» Si0(Si0,),, and 
Si(Si0,), cluster ions. The negative cluster 
ions are composed of the (Si0,)y and O(Si02)n 
series. The SiO, unit reproduces of course 
the stoichiometry of the solid, which may sug- 
gest a possible mechanism of ion formation. 
One may speculate that part of the solid sili- 
ca is directly ablated by the laser-induced 
plasma and fragmented to produce smaller ions 
according to 


. + : pa : + 
(Si02) 7p > (Si0,) n-m + (S102) m 


The positive series for the other oxides 
result from the table and can be written as 
(MeO), or Me(MeO),,. For germanium, the nega- 
tive cluster ions give rise to the same series 
as observed in silica; for Sn or Pb, only 
to MeO,. The experimental data of the present 
work may be in agreement with a model depict- 
ing the process of fragmentation which is 
characterized by structures preserving the 
original pattern.* The empirical model ap- 
plied to an oxidized metal surface or a metal 
oxide for the calculation of ions formed seems 
to fit the experimental data, The cluster ion 
distributions for the positive series in sili- 
ca are similar to those found in SIMS° and 
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previous LAMMA experiments. The model pro- TABLE 1.--Positive and negative ion sequences 


posed treats the data as a function of a so- observed. 
called "fragment valence" K = (q + 2n)/m for a 
generic ion species MpOn, where q is the total Me Positive ions Negative ions 
charge (in this case q = 1), and m and n are ee ene eas ey 
the number of metal and oxygen atoms in the “hy 2n tnVen 
clusters. SinO2n-1 

The plot of K against the mass M for the Sip02n_2 Sin02n+1 
series of silica positive ions tends to K = 4, 
This value represents the most stable valence a Gen0n GenOon 
obtained at very high masses. This result GenOn-1 GenO2n+1 
would agree with the hypothesis based on the GeyOon+2 
electronic structure calculations’ that formu- Sn Sn.0 sn0 
late the interaction of SiO, molecules leading SnOn ; n 


to tetrahedral conformation of Si starting 

from n = 3, Pb PbnOn PbOn 
The K trend of Ge, Sn, and Pb positive se- 

ries approaches a value of 2. This valence 

perhaps reflects the crystal structure of these 

metal oxides, A different coordination has in 

fact to be attributed to them with respect to 

silica, 


hkeferences 


1. J. C. Phillips, Chem. Rev. 86: 619, 1986. 

2. A. W. Castleman J. and R. G. Keesee, Am. 
Rev. Phys. Chem. 37: 525, 1986. 

3. M. Bertolotti, D. Consalvo, A. Mele, A. 
Gardini-Guidoni, and R. Teghil, Appl. Surf. 
Set, 35: 1988. 

4. C. Plog, L. Wiedmann, A. Benninghoven, 
Surf,..Set, 67% 565, 1977. 

5. C. E. Richter and M. Trapp, Int. J. Mass, 
Spectr. and Ion Phys. 38: 21, 1981. 

6. E. Michiels, A. Celis, and R. Gijbels, Int. 
J. Mass. Spectr, and Ion Phys. 47: 23, 1983. 

7. C. Geisser and A. Shluger, Phys. Stat, Sol 
Bi3S: 669, 1986. 


300 


P E Russell, Ed., Microbeam Analysis—1989 
Copyright © 1989 by San Francisco Press, Inc , Box 6800, San Francisco, CA 94101-6800, USA 


STRUCTURAL INTERPRETATION OF SILICATE NETWORK FROM VARIOUS 
SILICATE ROCK-FORMING MINERALS IN LMMS ANALYSIS 


Takahisa Tsugoshi, 


Tadashi Kikuchi, Keiichi Furuya, 


Yoichi Ino, and Yoshitaka Hayashi 


It is well known that silicate rock-forming 
minerals have several kinds of silicate net- 
work. Fragment ions in LMMS analysis reflect 
the difference of the network. Thirteen kinds 
of silicate minerals with five kinds of network 
structures have been analyzed and their spec- 
tra showed characteristic patterns depending 

on their network structures. 


Expertmental 


The LAMMA-1000 (Leybold-Heraeus) was used in 
this experiments. Thirteen kinds of rock- 
forming minerals with different structures 
(neso-, ino-, phyllo-, cyclo-, and tecto-) and 
compositions were chosen as samples. All mineral 
samples were supplied from the Bureau of Geo- 
logical Science. Specimens cleaved from 
mother sample blocks were mounted on stubs with 
double adhesive tape without any pretreatment. 
All spectra were obtained at the lowest power 
density over the threshold. 


Authors Tsugoshi, Kikuchi, and Furuya are at 
the Department of Applied Chemistry, Faculty of 
Science, Science University of Tokyo, 1-3 
Kagurazaka, Shinjuku-ku, Tokyo, 162 Japan; 
authors Ino and Hayashi are with ANELVA Corp., 
5-8-1 Yotsuya, Fuchu-shi, Tokyo, 183 Japan. 


Results 


Figure 1 shows spectra of olivine and en- 
statite; Table 1 shows a summary of silicate 
fragment ions from four types of minerals 
(olivine, enstatite, beryl, and albite). 

SiO, (n 1-3) fragment peaks originating 

from single Si0, ion were detected for olivine 
(neso-type silicate) and SimOn (m 1-6, 

n 1-12) fragment peaks from chain structures 
were observed for enstatite (ino-type sili- 
cate). For albite (tecto-type silicate), 
fragments have m = 1, 2, and 4 with n 5 Ieee ae 
5, and 6, which shows that plane network sili- 
cates gave smaller fragments, whereas en- 
statite (ino-type silicate) and beryl (cyclo- 
type silicate) gave larger fragments. For 
enstatite, the numbers of oxygen in a frag- 
ment were richer than those of beryl (cyclo- 
type structure). 


(a) olivine 


i00 


100 


20 300 


(b) enstatite 


WSi2ds 
KSia62 
HMgSi20s 
HMgSizhs 
Sied 


FIG. 1.--LMMS spectra of (a) olivine (nesosilicate), (b) enstatite (inosilicate). 
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UTILITY OF THE LASER MICROPROBE FOR SOURCE IDENTIFICATION OF 
CARBONACEOUS PARTICULATE MATERIAL 


R. A. Fletcher and L. A. Currie 


Combustion sources of carbon particulate ma- 
erial are of interest since they play a role 

in contributing to air pollution, reducing 
visibility, and modifying climatic conditions.’ 
One of the most reliable ways of identifying 
carbon particle sources is through carbon-14 
dating of collected aerosol.* The approach is 
based on the premise that fossil fuels contain 
no carbon-14, but modern carbon combustion 
sources (such as wood) do. Although this is a 
powerful technique, the smallest sample of col- 
lected aerosol that is useful for analysis is 
of the order of micrograms.3 An effort has 
been made to extend carbon-source detection 
down to the single-particle level by use of 
laser microprobe mass spectrometry (LAMMS). 
A summary of our efforts to characterize com- 
bustion source particles is presented. 


# YS 


Experiment 


Two sets of carbon particles were studied: 
particles generated from controlled burns of 
“pure'' materials in the laboratory, and two at- 
mospheric particle samples collected in a na- 
tional environmental study. The laboratory 
soots result from individual burning of hep- 
tane, kiln-dried building wood, and polyure- 
thane. Graphite is included in the laboratory 
sample set. The two atmospheric samples have 
been characterized in terms of their carbon-14 
content.’ One sample is clearly derived from 
burning contemporary material, i.e., wood; the 
other comes from the combustion of fossil fuels. 
These two samples, contemporary and fossil, 
serve as extreme or end members for a more ex- 
tensive set of collected atmospheric particles. 

In all cases studied, the carbon aerosol was 
collected on high-purity quartz fiber filters. 
The filters were heat treated, before particle 
collection, to remove residual carbon con- 
taminants. Quartz fibers carrying the carbon 
particles were transferred to a transmission 


The authors are at the Center for Analytical 
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dards and Technology, Gaithersburg, MD 20899. 
Certain commercial equipment, instruments, or 
materials are identified in this report to 
specify adequately the experimental procedure. 
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that the materials or equipment identified are 
necessarily the best available for the purpose. 
The authors wish to acknowledge the aid of G. W. 
Mulholland of NIST in providing samples of the 
laboratory carbon soots, and EPA for the two 
atmospheric samples. 


electron microscope grid that contained no 
film backing.® Individual and small groups of 
particles were ablated directly from the fiber 
surface mounted in vacuum. The instrument 
used in the study was a LAMMA 500 with a 32x 
objective focusing 266nm radiation. Both pos- 
itive and negative ion data were taken. Laser 
irradiances were typically of the order of 1 x 
10° W/cm?. 


Results and Dtseusston 


The history of the production of carbon par- 
ticles is presented in Fig. 1. A carbon fuel 
is combusted under certain temperatures and 
oxygen concentrations. The carbon particles 
are formed by various processes and are trans- 
ported to the collection site. En route they 
are exposed to various ambient conditions, 
€.g., sunlight, gas-phase chemical species, and 
other particles. After collection on a fiber, 
the particles are analyzed by LAMMS, which re- 
sults in laser ablation and ionization of the 
chemical species in the particle. Thus, the 
routes for the samples measured here, from 
source to collection, are variable and result 
in atmospheric and laboratory samples that are 
of varying degrees of complexity. Atmospheric 
samples are the most inhomogeneous and complex. 

For LAMMS to be useful for source identifi- 
cation, it must be able to distinguish carbon 
combustion sources on the basis of the collect- 
ible samples. Earlier results have shown that 
for the laboratory soots, source identification 
is possible by analysis of the low-m/z ion pat- 
terns in the laser microprobe positive ion 
spectra.* Principal component analysis has 
been useful in analyzing these laboratory soots. 
Peaks that contain the most differentiating 
power were K*+ and C;H*+. Figure 2 shows a plot 
of the first two principal components differen- 
tiating heptane soot from wood soots. However, 
these indicators were not useful for source 
identification for the two real atmospheric 
samples. Even the samples representing end- 
member extremes cannot be differentiated on the 
basis of low-m/z positive ion patterns.” It was 
interesting to note that the fossil fuel sample 
(derived primarily from motor vehicle emis- 
sions) and the modern sample (from the burning 
of wood) both contained approximately the same 
amounts of lead. Thus lead--and as it turns 
out any other elements--could not be used as 
identifiers for these individual particle (non- 
bulk) samples, 

There is new evidence for identification on 
the basis of certain likely chemical species in 
the positive-ion m/z region (>208) for the two 
atmospheric samples. Small trace peaks are 
present in spectra of both fossil and contempo- 
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FIG, 1.--Schematic history of combustion carbon soot from source to mass analysis. 
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FIG, 2.--Principal component plot of labora- 
tory wood (W) and laboratory heptane (H). 
Each point corresponds to single-spectrum, 
single-particle analysis. 


rary samples that have approximate m/z values 
of 228, 252, 276, 278, 300, 302. Peak m/z 268 
was also found in the spectra. These peaks 
probably correspond to polynuclear aromatic 
hydrocarbon (PAH) molecular ions as previously 
reported for similar carbon soot samples.’°° 
The occurrence of these high-m/z peaks is more 
frequent for the fossil fuel sample, 34 peaks 
per 49 spectra compared to 8 peaks for 43 spec- 
tra in the modern sample. A potential strong 
candidate for source identification is m/z 276 
which occurs twelve times for the fossil sample 
and not at all for the modern sample (Fig. 3). 
There are nine isomeric PAH compounds that have 
a molecular weight of 276. Of particular in- 
terest is benzo(ghi)perylene (BGP). It has 
been observed that BGP concentration increases 
for particle samples with increasing fossil 
carbon content and decreases with increasing 
modern carbon content determined from bulk gas 
chromatographic analysis.’ Daisey et al. pre- 
sent a data summary that indicates BGP concen- 
trations are greater for auto exhaust particles 
collected from roadway tunnels (fossil fuel) 
than wood smoke from fireplace burning. 

(This reference is relevant, since wood burning 
in fireplaces appears to be the dominant source 
of modern carbon in the atmospheric sample ana- 
lyzed.) The BGP concentration can only be de- 
termined by an indirect route from the Daisey 
et al. publication by use of their tabulated 
concentration values for the relatively un- 
stable benzo(a)pyrene. Furthermore, a consid- 
erable spread in the range of the values for 
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FIG. 3.--Bar graph showing frequency for high- 
m/z positive ion peaks. Top plot is for fos- 
sil fuel particles and bottom pertains to 
contemporary sample. 


benzo(a)pyrene is presented in their paper for 
wood burning. Clearly it is of interest to 
determine whether BGP (or more relevant, the 
peak at m/z 276) provides tracer information 
for source identification at the single parti- 
cle level. 

The negative ion spectra for the labora- 
tory and atmospheric samples have been exam- 
ined. Some slight differences in low-m/z car- 
bon cluster ratios have been observed.*?!? 

In summary, there is new evidence that the 
positive-ion high-m/z peaks appear to be use- 
ful in discriminating between atmospheric sam- 
ples. The laboratory soots and graphite have 
distinguishing low-m/z peaks that permit iden- 
tification of these materials. Work is on- 
going to determine the utility of negative ion 
carbon clusters and high mass positive ion 
peaks as identifiers. 
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7-C 
LAMMS: Instrumentation 


LASER MICROPROBE FOURIER TRANSFORM ION CYCLOTRON RESONANCE MASS 


SPECTROMETRY : 


INSTRUMENTATION AND RESULTS OF POLYMER STUDIES 


J. T. Brenna 


Time-of-flight (TOF) spectrometers have in the 
past been the mass dispersion devices of choice 
for inherently pulsed ion sources such as the 
laser source. The chief advantage of TOF over 
quadrupole and magnetic sector instruments is 
the capability to record an entire mass spec- 
trum from a single laser shot. Other advan- 
tages of TOF inciude broad mass range, excel- 
lent transmission, and simplicity of construc- 
tion. 

In 1974 Comisarow and Marshal introduced 
Fourier transform ion cyclotron resonance mass 
spectrometry (FTICR or FTMS) as a means to ef- 
fect high-resolution mass dispersion. This 
technique is a modification of the previous 
well-known technique of ion cyclotron reso- 
nance spectroscopy (ICR). In ICR, ions drift- 
ing through a static magnetic field are sub- 
jected to a frequency-swept oscillating elec- 
tric field perpendicular to the static magnetic 
field, Under these conditions, ions gain ki- 
netic energy only when the oscillating electric 
field corresponds to a particular resonance 
frequency given by 


f = kB/(m/e) (1) 


where f is the ion cyclotron resonance frequen- 
cy, B is the value of the static magnetic 
field, m/e is the mass to charge ratio of the 
ions, and k is a proportionality constant. The 
absorption of electric energy is recorded as 
the swept frequency passes through resonant 
frequencies and a spectrum is recorded. Al- 
ternatively, the electrical signal can be re- 
corded as ions with large orbital radii strike 
a plate, as in the instrument known as an 
"omegatron,.'" 

In the FTICR experiment, ions are trapped in 
two dimensions by a static magnetic field, and 
in the third dimension by a static electric 
field produced by a set of (trap) plates posi- 


yin8 


tioned perpendicular to the magnetic flux lines. 


For positive ions, these plates are biased with 
a small positive potential, around 1 V, and 
for negative ions they are biased with a cor- 
responding negative potential. All other as-~- 
pects of the experiment are identical for pos- 
itive and negative ion modes. Ions can be 
trapped for macroscopic periods of time, of the 
order of seconds or minutes depending on their 
initial condition. The FTICR "cell" consists 
of a set of six square electrically isolated 
plates arranged as a cube. (Other shapes are 
possible.) The trap plates form the two sides 
of the cube perpendicular to the magnetic 
field. The four other plates are positioned 
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parallel to the magnetic flux lines. An "ex- 
cite" signal is placed on one set of opposite 
plates. Most commonly this signal is a oscil- 
lating electric field swept through frequen- 
cies at a constant rate from DC to some high 
frequency, typically of the order of megahertz 
("rf chirp"). As the frequency of the oscil- 
lating field comes into resonance with ions in 
the cell, ions pick energy coherently as ion 
packets, and attain stable orbits. The last 
set of plates are attached to a sensitive pre- 
amplifier circuit, and act as an antenna. The 
waveform induced on these "receive'' plates due 
to the orbiting ions packets is amplified and 
digitized. This signal is then fast Fourier 
transformed (FFT) and the frequency spectrum is 
directly calibrated to mass. Thus, the entire 
m/e range of interest is obtained simultaneous- 
ly. 

There exist a number of distinct advantages 
to the Fourier transform method, among which 
ultrahigh mass resolution is perhaps the most 
celebrated, Equation (1) is also the funda- 
mental cyclotron frequency-to-mass relation for 
FTICR. Since k is a constant, it can be seen 
directly that the cyclotron frequency depends 
only on the m/e for the ions and is independent 
of the energy. Initial kinetic energy spread 
results in differential orbital radii among 
ions within each packet, but the orbital fre- 
quency is unaffected. The FTICR experiment 
takes full advantage of this fact by providing 
simultaneous detection of each ion and thus 
multichannel advantage. In addition, orbiting 
ions are detected in more uniform electric and 
magnetic fields than ions that are accelerated 
and ejected as in the conventional ICR experi- 
ment. Pigure 1 is an ultrahigh-resolution scan 
of the *°°PB peak from 266 nm laser ablation of 
NBS lead wire obtained with the instrument de- 
scribed in this paper. The full width at half 
maximum for this peak corresponds to a mass 
resolution (m/ém) greater than 4 x 10°. 

Other analytical capabilities relevant to 
microprobe analysis include high trapping effi- 
ciency, which is analogous to transmission in 
conventional mass spectrometers, and the abil- 
ity to perform multiple-stage MS experiments. 
Multiple-stage MS experiment (MS) are accom- 
plished by repeated excite and detect events. 
Unwanted ions are ejected from the cell by se- 
lective excitation to orbital radii in excess 
of the dimensions of the cell. These ions col- 
lide with the walls of the cell and are neu- 
tralized and pumped away, leaving only ions of 
interest in the cell. Such a capability is 
currently not available for microprobe analysis 
by other MS techniques but would greatly in- 
crease selectivity for molecular species. 
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FIG, 1,--Ultra-high mass-resolution spectrum 
of 7°®pbh, taken by FTICR-LAMMS. This spectrum 
was obtained by use of heterodyne mode FTICR 
in which signal is mixed with waveform to shift 
its frequency to lower value and allow longer 
acquisition times. X-axis corresponds to 8 
milli-amu full scale. 


Apparatus 


We have recently reported®~’ on our con- 
struction of a LAMMS interface to a commercial- 
ly available FTICR instrument, the Nicolet 
FTMS-2000. This interface is based on a Nd:YAG 
laser system which is usually operated at 266 
mn, but often at 532 nm and sometimes 1.06 um. 
The system is set up to allow viewing of the 
specimen by reflected light and motion of the 
specimen stage to the point of laser focus. 

The layout of the system is shown in Fig. 2. 
FTICR event sequences (make ions, excite ions, 
delays, etc.) must be controlled to microsecond 
accuracy; therefore either the laser or the 
FTICR must be triggered by the other. However, 
neither of these systems is designed to be a 
slave device; they are not easily triggered 
from an external instrument. Thus, an IBM 
PC-AT equipped with a commercially available 
interface board® was interfaced to both de- 
vices. Software specially written for this 
system allow laser pulsing and FTICR experi- 
mental event sequences to be synchronized and 
controlled to 1 us. The system allows single- 
or multiple-laser experiments and is compati- 
ble with any pulse firing sequence that may be 
generated with the FTICR control computer. 
During normal LAMMS operation with a single la- 
ser, the laser flashlamps pulse at their nomi- 
nal 10Hz rate without firing the Q switch, 
which would fire the laser. This procedure 
allows the YAG rods to attain steady-state 
temperature and so optimum power reproducibil- 
ity. When a laser pulse is required, the Q 
switch is fired one or multiple times, depend- 
ing on the requirements of the experiment, 
Multiple laser shots allow for signal averag- 
ing, which is often necessary for weak signals 
when spatial resolution is not an issue. 

The laser light passes through an optical 
attenuator and a telescope system, then passes 
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into the vacuum system. The telescope allows 
on-line focusing of the laser beam onto the 
specimen even though the objective lens is 
fixed in place within the vacuum chamber. The 
beam is focused by a 75mm objective lens, and 
onto the specimen. A vacuum-compatible fiber 
optic brings light onto the sample, which is 
then transmitted out along the same optical 
path that brought the laser light in. A mirror 
may then be inserted into place and the speci- 
men may be viewed by reflected light through an 
eyepiece, or alternately directed to a record- 
ing device. 

The smallest crater in polished silicon 
achieved by this system is of the order of 3 
um, with spot sizes of < 10 um achieved on a 
routine basis, 


Vacuum Chamber 


Fiber Optic 
Piezo- 
motor CB 


ck a 


Telescope 


FIG, 2,--Layout of IBM-Endicott FTICR~LAMMS, 


Potymer Studies 


Over the years a significant amount of ef- 
fort has been devoted to polymer analysis by 
TOF-LAMMS.°>° This work has shown that ions 
characteristic of the original polymer are ob- 
served in LAMMS spectra. However, in most 
cases the ions observed are highly fragmented 
and/or rearranged products, with very compli- 
cated and largely unknown reaction mechanisms. 
During the same period, a significant amount of 
attention has been devoted to laser ablation of 
polymers with the ultimate intention of elec- 
tronic-device and electronic-package fabrica- 
tion and medical applications.!° Ablation ex- 
periments have yielded a significant amount of 
information on the product formation process and 
are discussed elsewhere in this volume.?? 

With these facts in mind, we have undertaken 
a study of FTMS-LAMMS of a variety of common 
polymers in an effort to characterize product 
distributions with the analytical advantages of 
the FTICR method. Detailed accounts of some of 
this work have been reported elsewhere.?++?>13, 
Several trends have emerged as dominating poly- 
mer spectra ablated with 266nm light, including 
C clustering, stable subunit condensation, and 
possible attachment of small C clusters to 
small ions. 
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The first polymer examined by FTMS-LAMMS was 
polyimide, the structure for which is shown in 
Fig. 3. The positive-ion spectrum of this 
polymer (Fig. 4) is observed to be exclusively 
C cluster ions. The C clusters appear in 
three distinct mass distributions, character- 
ized by (a) mass range and (b) peak distribu- 
tion. We discuss these distributions in de- 
tail as they are recurrent phenomena for other 
polymers. 


io-0-04 


FIG, 3.--Structure of polyimide. 
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The Zow mass distribution is characterized 
by a C cluster at every C number and ranges 
from about Cyo to Cog. Associated with these 
peaks are auxiliary peaks 2 amu greater than 
the bare C cluster. These auxiliary peaks may 
represent magic addition of 2 H atoms, or sub- 
stitution of one of the C clusers with an N 
atom to yield Cy_, ions. The spectra obtained 
so far are not of sufficiently high resolution 
to address this question. These ions may have 
the structure of linear polyacetylenes with 
either CN groups or H's at each end, The in- 
termediate mass range C cluster distribution is 
characterized by peaks at every mass from m/e = 
350 to 700, with oscillatory intensities of 
period corresponding to 12 amu. Bare C clus- 
ters appear in the valleys, and peaks corre- 
spond to addition of 6-7 H atoms. These clus~ 
ters may very well have the structure of poly- 
aromatic hydrocarbons. The high mass distribu- 
tion starts around mass 800 and extends past 
m/e = 5000. This distribution is characterized 
by peaks occurring at exclusively even C num- 
bers, reminiscent of the "fullerene" fami- 

Ly 24528 Only C7o* is observed to be anoma- 
lously stable under these conditions. 

Table 1 lists a number of other polymers 
that have been studied by FTMS-LAMMS and have 
been discussed elsewhere. Of these polymers 
nine exhibit in their positive ion spectra one 
or two of the C-cluster distributions observed 
for polyimide. In two cases, poly(phenylene- 
sulfide) and the copolymer of ethylene and 
tetrafluoroethylene, the fullerenes are ob- 
served and show a magic number for Ceo*. This 
molecule has been the subject of numerous in- 
vestigations since it was first observed in 
1984 as a product of supersonic-beam-entrained 
laser-ablated graphite. A significant body of 
evidence indicates the molecule has the shape 
of a truncated icosahedron, or soccerball, with 
C atoms occupying each of the 60 apices of this 
structure. (For this reason it has been given 
the name "buckminsterfullerene.'') This is the 
first observation of Ceo" as a particularly 


TABLE 1.--Polymers studied by FTMS-LMMS. 


* 
Repeat Unit 


Polyimide See figure 3 
Polyethylene ~CH.,~CH~ 
Polyethyleneglycol ~O-CH CH, 
Polystyrene ~CH-CH( Ph)- 
Polyvinylchloride —CH,-CH( Cl)- 
Poly(methylmethacrylate) CH -C( CH.) (COOCH, )- 
Polyvinylchloride ~CH,—CH(0., CCH, )~ 
Poly(phenylenesulfide) —Ph~S— 
Polyacrylonitrile ~CH, CH CN) 
Poly(dimethylsiloxane) ~Si(CH, ) 370- 
Ethylene/Tetrafluorcethylene 

Copolymer (DuPont Tefzel(R)) —CH-CH- —CF~CF 5 


* 
Ph = Phenyl Group 


stable ionic product of laser ablation of any 
material beside pure graphite. 

In spite of the prevalence of C clusters in 
these polymers, all give additional ionic prod- 
uct distributions which may be used to dis- 
tinguish them from all other polymers in either 
the positive- or negative-ion mode. In some 
cases polymers give ions that appear to be 
formed by direct fragmentation. It is inter- 
esting that these structural ions appear more 
frequently in negative-ion spectra than posi- 
tive-ion spectra. Figures 5(a) and (b) are the 
positive- and negative-ion spectra of 
poly(phenylenesulfide) (PPS), respectively. 
Whereas the positive-ion spectrum shows exclu- 
sively the fullerene C clusters, the negative- 
ion spectrum shows a series of ions that fit 
the stoichiometry of the polymer, with rear- 
rangement products present as a small fraction 
of the total ion signal. A possible mechanism 
for this phenomenon may be the development of 
an electrical potential analogous to the "plas- 
ma sheath" parallel to the surface of the poly- 
mer, which functions to draw negative ions out 
of the laser-induced plasma before they can 
undergo extensive rearrangement. This same 
potential may increase the residence time for 
positive ions in the plasma and explain the ex- 
tensive rearrangement observed for these ions. 
Even in the absence of structural ions, each 
positive-ion spectrum is unique and can serve 
to identify the polymer. For instance, the 
positive-ion spectrum of PPS consists only of 
fullerenes, but is the only polymer we have ob- 
served to date that gives this product distri- 
bution from the first laser shot. Since the 
other polymers that give fullerenes also give 
other ions in the spectrum, this C-cluster dis- 
tribution identifies the polymer. 

Many polymer spectra show characteristic 
ions that are not simply related to the poly- 
mer's covalent structure. We have made likely 
elemental assignments for these ions which are 
consistent with the elements present in the 
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Polyimide 
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FIG, 4,.--Positive-ion FTICR-LAMMS spectrum of polyimide of average molecular weight 25 000. The 
three distributions of C clusters are indicated on plot. 

FIG, 5,--(a) Positive-ion FTICR-LAMMS spectrum of poly(phenylenesulfide) of average molecular 
weight 50 000. No other ions beside those in this figure are observed in positive-ion spectrum 
for this polymer during first few hundred laser pulses. (b) Negative ion FTICR-LAMMS spectrum 
of poly(phenylenesulfide), Letters refer to structural ions observed in spectrum as follows, 
with ordered pairs referring to numbers of phenyl and S, respectively, associated with each 
peaks Al1,2)3 Bl2 32)3 C2 .5)3 B32) E(3,5)3 FG 4)s. 64.3). W4s4)3-14,5). 

FIG, 6,.--Positive-ion FTICR-LAMMS spectrum of poly(ethyleneglycol) of average molecular weight 
8000. Starred peaks are all odd numbered and correspond to general formula given in text. 

Ions with masses greater than m/e = 160 are also observed in this spectrum (not shown). 

FIG, 7.--Positive-ion FTICR-LAMMS spectrum of poly(methylmethacrylate). Major peaks in this 
spectrum are odd-numbered. Intermediate mass C cluster distribution is observed starting around 
mass 200 and continuing well past mass 300 (not shown). 
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polymer and are chemically reasonable. However, 
the data taken to date do not provide unequivo- 
cal evidence for these assignments. These as- 
signments indicate two trends in polymer abla- 
tion spectra (in addition to C clustering), 
which will now be discussed. 

The first of these trends is consistent with 
a relatively simple hypothesis concerning ion 
formation, and is illustrated by the spectrum 
in Fig. 6, the positive-ion spectrum of 
poly(ethyleneglycol) (PEG) of average molecular 
weight 8000. This spectrum shows a strong ion 
series increasing peak density with increasing 
mass. For PEG, these ions correspond to the 
general formula H(CH2)mO,. There are more than 
35 peaks in this spectrum which may be assigned 
this formula and only a few peaks in the series 
reflect the stoichiometry of the original poly- 
mer. The monomer and dimer are the only ones 
which show particular stability compared to the 
peaks around them. This hypothesis also ex- 
plains the PPS spectrum obtained after about 
2000 laser shots to the same spot, sufficiently 
many to make a hole in the polymer and expose 
the Al substrate. This spectrum, not presented 
here but published elsehwere,” shows ions con- 
sistent with the formula PhySp for values of 
m= 2-7 andn=0- 5. The role of Al in ion 
formation from PPS, if any, is not known. 

A second phenomena in the positive ion spec- 
tra is illustrated in Fig. 6, in which the tar- 
get is polymethylmethacryalte (PMMA). The odd- 
numbered peaks in this spectrum are consistent 
with the formula HCO,(CHz)m-Cn for m = 0 - 10 
and n = 2 - 10. Here we hypothesize a series 
of stable hydrocarbon ions in association with 
C clusters formed either by attachment one by 
one to the ion or attachment of the previously 
made cluster. This hypothesis fits ion series 
observed in the spectra of polystyrene and 
poly(vinylacetate) as well, although it must be 
considered the most tentative of the three 
mechanisms proposed here. 

There are significant differences between 
the polymer spectra obtained by FTICR-LAMMS and 
TOF-LAMMS.° In general, FTICR spectra show 
ions extending to higher mass range than the 
TOF spectra. This difference may be due to the 
detector discrimination effects. Alternatively, 
laser ablation in the FTICR takes place with 
the specimen immersed in a 3-Tesla magnetic 
field. This field may perhaps confine charged 
particles present in the laser-induced to the 
point where recombination to high-molecular- 
weight species is favored. In addition, no 
high-voltage extraction fields are present in 
the vicinity of the specimen such as are en- 
countered in TOF. This factor would also be 
expected to favor growth of higher molecular 
weight species. 


Cone Lustons 


The other FTMS-LAMMS instruments currently 
in operation include a system at the IBM Labo- 
ratory in San Jose, Calif.,*® and an instru- 
ment at the University of Metz.'’ The Metz in- 
strument, based on an excimer laser operated at 
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249 nm, is discussed elsewhere in this volume; 
we shall mention salient features of the other 
instrument. The San Jose instrument was the 
first FTMS system set up to focus a laser onto 
the specimen with on-line specimen viewing. 
The laser and viewing paths are similar in de- 
Sign to the Endicott instrument, with laser 
and illumination light entry through opposite 
corners of the cell plates. Because this sys- 
tem was originally based on a CO, laser oper- 
ated at 10.6 um, the minimum obtainable spot 
size was reported to be in the range of 30-50 
um.*® The system has been recently modified 
for use with a Nd:YAG laser operated at 1.06 
um and so is expected to attain a finer spot 
SIZE. 

In this paper we have discussed the design 
and construction of the first Nd: YAG-based 
LAMMS-FTICR instrument. The smallest spot 
size demonstrated for this system is about 3 
um, with <10um spot achievable on a routine 
basis. We have obtained photographs of the 
specimen positioned in the instrument which 
show detail at this resolution level. The in- 
strument has been used to analyze a variety of 
common polymers, and some of the general re- 
sults have been presented here. Results gen- 
erated by this system have demonstrated the 
ability of LAMMS-FTICR to distinguish among 
various polymers and provide information on 
the laser ablation process itself. 
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A NEW GENERATION OF MICROPROBE: LASER IONIZATION AND FT/ICR MASS SPECTROMETRY 


J. F. Muller, M. Pelletier, G. Krier, D. Weil, and J. Campana 


The challenge was to combine the selectivity of 
laser ionization/laser desorption proceses with 
the high mass resolving power and high mass ac- 
curacy of Fourier Transform Mass Spectrometry. 
This problem has its application in surface 
analysis studies. In 1986 it was shown that 
the detection limit of a given element, for 
laser ionization, is wavelength dependent 
(e.g., Cu, Cd).* In such an experiment the in- 
coming photons reionized neutral atoms close 

to the microplasma crown, giving rise to a two 
photon mechanism during the single laser pulse. 


Instumentattion 


A two-stage laser microprobe FTMS was de- 
signed and constructed. The first prototype 
was assembled to evaluate the feasibility of: 


® a special dual cell in which the source- 
side trap plate is part of the manipulator 

® having a larger hole in the "conductance 
limit,'' in order to have a laser beam going 
through, so that the beam is oriented perpen- 
dicularly to the sample surface 

® sample displacement with an x,y,z micro- 
manipulator, placed in front of a special dual 
cell, operating in a high magnetic field? 


Preliminary results have shown that ion 
trapping and ion transfer from the source side 
to the analyzer side, where the pressure is 
lower, were efficient to provide spectra with 
high resolving power (e.g., separation of metal 
Gd+ and oxide NdO* in a rare-earth doped glass; 
and resolution of a doublet at mass 50 in an 
alloy to separate °°Ti from °°Cr).* From this 
success a second prototype was redrawn with a 
central laser focalization lens surrounded by 
inverted Cassegrain optics, which allows 
sample visualization with the help of a zoom 
telescope (15-60x, Fig. 1). Once the sample is 
in place, controlled with an endoscope, in 
front of the source cell (by use of a transfer 
rod and an external coarse manipulator), the 
analyzed part of the sample is positioned with 
the internal micromanipulator (by use of the 
Peltier effect on memory alloy blades). As 
different light paths are used with visualiza- 
tion and ionization optics, it is possible to 
control the laser spot size very easily by ad- 
justment of the lens distance between the two 
lens groups of the laser beam expander. For a 
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given laser wavelength (e.g., excimer laser 
charged with KrF, 249 nm), one can adjust the 
minimum spot size by moving the central laser 
lens by means of a pulling rod. The usable 
laser wavelength scale is from 190 to 360 nm 
(excimer, Nd/YAG quadrupled, or dye laser 
after doubled or mixed mode). This design 
permits laser post-ionization in the micro- 
plasma and post-ionization of neutrals and 
radicals obtained with the defocused laser 
beam coming from the central optics. 


Results 


Under standard conditions, the pressure is 
about 107° Torr on the source side and about 
107° Torr on the analyzer side, so that trans- 
ferring the ions from source cell to the ana- 
lyzer cell is possible by adjustment of the 
trap plate and conductance limit potentials as 
a function of the internal energy of detected 
ions, and by adjustment of the time during 
which the conductance limit is grounded for a 
few hundred microseconds). Low- and high- 
resolution spectra can be obtained with good 
sensitivity. In this way, in the heterodyne 
mode at mass 44, a resolution up to 160 000 
resolved the interference between °°Sr**+ and 
**Cat in a ceramic material (Fig. 2) with one 
laser shot with an excimer laser charged with 
KrF (249 nm), minimum spot size diameter is 
4 ym at low energy (0.5 uJ). The impact lo- 
calization may be obtained by use of a pilot 
He/Ne laser. In this case, a small amount of 
ions formed from the surface layers of silicon 
wafer are obtained (500 A titanium/tungsten 
layer, 1000 R nickel/iron layer, 500 A tung- 
sten/titanium layer and 1000 A silicon dioxide 
layer on silicon substrate). The correspond- 
ing spectrum in direct mode (Fig. 3) shows 
only the elemental ions of two or three first 
layers: Tit, Wt, Fet, and Nit. With the same 
experimental conditions, highly resolved spec- 
tra are obtained in the heterodyne mode (Fig. 
3: 65 000 FWMH res at m/z = 184, mixed hetero- 
dyne mode for the tungsten signal). At high 
energy values (e.g., 7 uJ), the outer laser 
diameter is about 15 um and we detect Sit with 
the other layer's characteristic ions. Conse- 
quently, the depth of the laser spot is great- 
er than 2 um. 

In another area of this wafer, without mod- 
ifying the z position (magnetic field axis) of 
the surface, defocalized spectra were obtained 
by changing the beam expander lens distance d 
(Fig. 1), so that surface desorption can be 
achieved (intensity 1 < 10° W/em?). With a 
Single shot and a defocused laser beam, the 
second layer of the wafer is reached and the 
laser crater diameter is about 40 um. With 
very important defocialization (laser diameter 
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FIG, 2.--High-resolution spectra of ceramic: 


greater than 150 um, very small visible damage 
--just a little bit of crumpling), there is 
surface contamination, and K+ is the major ion 
with TiO+ (Fig. 4), but elements Fet, Nit of 
the second layer are also detected. W* in the 
first layer is not detected because of the 
physical characteristics of tungsten: high va- 
porization temperature and medium potential 
jonization (7.98 eV). 

In another example, we analyze the different 
parts of a microcircuit: ceramic substrate, 
contact pin, and metallic lines (width = 25 
um). The analyzed area is reached either by 
the internal micromanipulator or the laser beam 
mirror m (Fig. 1). A gap size of a few microns 
between two spots is easily obtainable after 
the transfer rod is blocked. For the metallic 
lines on the ceramic substrate, a single shot 
at low energy gives Cr+ and Cut ions and the 
laser crater diameter is about 7-8 um. At very 
low energy (laser defocusing), only the extern- 
al surface is analyzed, so that Kt (external 
pollution) and Pb+/Snt+ (surface contamination 
from the pin making process) are the major ions 
when not ejected (Fig. 5). Under these condi- 
tions, it was possible to obtain highly re- 
solved spectra (mixed mode) on the lead isotope 
but the natural isotopic ratio was not correct 
(204 Pb disappears), doubtless due to an inade- 
quate excitation of the ions (SWR = 1 kHz, not 
appropriate to this case) and also to the low 
concentration of this isotope. 

In doped glass,° there are 200 ppm Sr and 50 
ppm Rb in the direct mode after having ejected 
the major ions of the glass (range 18 to 55 
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R = 160 000 


96 43 98 44 ( 


one excimer laser shot (249 nm). 


amu), the ratio of Sr/Rb corresponds to their 
real ratio, without correction by the ioniza- 
tion potential values of these elements. At 
high laser energy and in the direct mode with 
extended memory, the mass resolution power ap- 
proaches 20 000 and the isotopic ratio is’ re- 
spected, If the same area of this glass is 
analyzed in the heterodyne mode, only the 
88sr+ is detected at high resolution (Fig. 6). 
It is known that the minimum detection limit 
is of the order of 100 ions. Taking the ioni- 
zation ratio of the order of 107* to 107°, 
which is reasonable considering that ioniza- 
tion yield of a glass is lower than that of a 
metal, we can hope that few hundred ions can 
be detected in the cell. For rubidium, we are 
close to the detection limit (1-5 ppm). It 
clearly appears that when elemental concentra- 
tion (trace level) is lowered, it becomes more 
difficult to obtain very high resolution spec- 
tra in heterodyne mode with the correct iso- 
tope ratio. 


Coneluston 


The advantages of the Cassegrain optics 
laser microprobe configuration are: 


® sample visualization with a magnification 
from 60-240x, which permits a laser flash or 
pilot laser location on the surface 

@ the laser beam perpendicular to the sam- 
ple surface insures a homogeneous energy dis- 
tribution and guarantees good and precise de- 
focused laser beam experiments 

@ laser optics and visualization optics 
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FIG. 4,--Defocalized laser beam (diameter > 150 um, very low laser intensity) of silicon wafer. 
FIG. 5.--Spectrum with low laser energy of metallic lines of microcircuit having surface 
contaminants (K, Pb/Sn). 
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FIG. 6.--(a) Direct mode spectrum of Sr/Rb glass; (b) direct mode spectrum with reduced mass 


scale with 128K signal storage; (c) mixed mode spectrum of same sample under same laser condi- 
tions, 


using different light paths permit post-ioniza- 
tion experiments 

® the micromanipulator can be replaced by an 
electron gun which allows liquid and gas analy- 
sis introduced with a new inlet system 


In summary, this configuration is versatile 
and combines the selectivity of laser ioniza- 
tion with the selectivity of high mass resolv- 
ing power of FTMS at reasonable sensitivity. 
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LASER MICROPROBE MASS SPECTROMETRY FOR THE ANALYSIS 
OF HIGH VAPOR PRESSURE MATERIALS 


Takashi Yamamoto and Akira Ishimori 


Laser Microprobe Mass Spectrometry (LAMMS) gen- 
erally requires the specimen to be under vacuum 
in the ionization chamber. So it is difficult 
to analyze high-vapor-pressure materials or 
materials containing high-vapor-pressure com- 
ponents, because of their abrupt evaporation 
under high-vacuum conditions, The aim of this 
work is to obtain mass spectra of specimens 
which are under low-vacuum conditions.?°? A 
method in which the chamber for ion extraction 
under high-vacuum conditions is separated from 
the chamber for laser ionization of a specimen 
under low-vacuum conditions is investigated. 


Experimental 


The experimental apparatus consists of 
three vacuum chambers (Fig. 1). The first 
chamber (sample chamber) is used for holding 
specimens and is filled with gases. The pres- 
sure of this sample chamber is controlled in 
the range from 10~* to 760 Torr arbitrarily. 
The second chamber (ion collecting chamber) 
containing ion collection optics is pumped by a 
4in. diffusion pump. The pressure of ion col- 
lecting chamber is about 2.5 x 107° times the 
pressure of sample chamber. The third vacuum 
chamber containing the time-of-flight (TOF) 
mass spectrometer is separately pumped by a 
turbo molecular pump at a pressure of less than 
8 x 10-° Torr. 

The 4th harmonic beam of a Q-switched Nd-YAG 
laser (wavelength 266 nm, pulse width 10 ns) is 
focused on the specimen with a spot size of 
about 16 um through an aperture of 125 um diam- 
eter (Fig. 2). The distance between the aper- 
ture and the surface of the specimen is approx- 
imately 0.2 mm. 

Laser-induced ions in the sample chamber 
pass through the aperture toward the ion col- 
lecting chamber. The ions are accelerated and 
collected by the ion optics, and analyzed with 
the TOF mass spectrometer. The output of the 
ion detector is digitized at 8 bits resolution 
with 10 ns sampling time. The registered sig- 
nal is displayed on a CRT and is transferred to 
a microcomputer for data processing such as 
averaging. The experiments described here were 
carried out with a power density of about 
2.5 x 107° W/cm?, and 10 data were averaged for 
each experiment. 


Results 
The effect of the pressure increase in the 


sample chamber on the mass spectrum is investi- 


The authors are with Mitsubishi Electric 
Corp., Central Research Laboratory, Amagasaki, 
Hyogo, 661 Japan. 


gated. Typical TOF signals of ions emitted 


from an aluminum plate show that the intensity 
of aluminum ions decreases as the ambient 
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FIG. 1.--Experimental apparatus. 
FIG. 2.--Schematic diagram of laser irradia- 
tion. 
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FIG, 3,--Typical TOF signals of aluminum plate 
at helium pressure of (a) 0.1 Torr, (b) 1 
Torr, (c). 10 Torr, (d) 30 Torr. 
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FIG. 4.--Intensity of aluminum ions vs pressure 
in sample chamber. 

FIG. 5.--Time of flight of aluminum ions vs 
pressure in sample chamber. Increment of time 
of flight At is normalized with average time 
of flight to at pressure of less than 1 Torr, 
pressure of a specimen increases (Fig. 3). In 
addition, the time of flight of the aluminum 
ions increases as the ambient pressure of spec- 
imen increases. 

The relation between the intensity of the 
aluminum ions and the pressure in the sample 
chamber is measured (Fig. 4). The ion inten- 
sity begins to decrease at a pressure of 2-3 
Torr for He gas, N, gas, air, and water vapor. 
The ion intensity at helium pressure of 30 Torr 
becomes about 107% times the intensity under 
high-vacuum conditions, The ion intensity at a 
pressure of 10 Torr for Nz gas, air, and water 
vapor become about 107% times the intensity 
under high-vacuum conditions. 

Since these decreases of ion intensity are 
caused by the collisions of the ions with the 
ambient gases, these results can be explained 
qualitatively by the value of mean free path 
of each gas.* The mean free path of He gas is 
14.4 x 1073 cm at a pressure of 1 Torr at 20 C. 
The mean free path of N, gas, air, and water 
vapor are 4,9 x 1073, 4.9 x 107%, and 3,2 x 
1073 cm (1 Torr, 20 C), respectively. Helium 
gas has the longest mean free path so that the 
decrease of ion intensity occurs at higher am- 
bient pressure. Another experiment using Xe gas, 
whose mean free path is about 2.8 x 1077 cm, 
shows that the decrease of signal intensity oc- 
curs at lower pressure, 

In the case of the conventional LAMMS in 


which both a specimen and an ion lens are 
placed in the same chamber, the increase of 
the ambient pressure of a specimen causes the 
large decrease of the mean free path in the 
ion optics. The signal intensity at air pres- 
sure of less than 107? Torr becomes 107° times 
the intensity under high-vacuum conditions. 

The increase of the ambient pressure of 
specimens has an effect on the time of flight 
(Fig. 5). The increase of the time of flight 
of the aluminum ions appears at a pressure of 
a few Torr and increases as the ambient pres- 
sure of specimen increases. The pressure at 
which the increase of the time of flight ap- 
pears agrees with the pressure at which the 
signal intensity begins to decrease. This 
degradation of signals is induced by the col- 
lision of the ions with the ambient gases along 
the ion path from the sample chamber to the 
ion-collecting chamber mainly. 


Cone luston 


By separating the sample chamber from the 
ion collecting chamber, we can analyze the 
specimen at a pressure of 2-3 Torr without 
degradation of signals. The improvement of an 
aperture or more powerful differential pumping 
would make the analysis of the aqueous solution 
possible with the ambient pressure of specimens 
maintained above the water's vapor pressure of 
18 Torr at 20 C. In addition, the post-ioniza- 
tion in the ion collecting chamber would be ex- 
pected to make this method more sensitive.*?* 
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ANALYSIS BY LASER MICROPROBE AND RELATED TECHNIQUES 


S. P. Thompson, Trevor Dingle, and B. W. Griffiths 


Materials microanalysis generally involves ir- 
radiating a sample with a fine probe of primary 
particles or photons. In this, the microprobe 
approach, the primary beam interacts locally 
with the sample material producing secondary 
particles that are in some way characteristic 
of the analyzed region. Analytical techniques 
have been developed that exploit the range and 
variety of the secondary emitted particles. 

In this paper the discussion is confined to the 
case where these particles are either secondary 
ions, or sputtered neutrals that have been sub- 
sequently ionized by a photon-induced stepwise 
excitation process, Consequently, the paper 
deals with analytical techniques fundamentally 
destructive of some part of the sample, which 
is either ablated or sputtered. Developments 
in this area have been fueled by the recent 
availability of a variety of types of high- 
power lasers and inexpensive fast-pulse count- 
ing electronics. 

A second approach to microanalysis involves 
the collection of charged secondary particles 
from a small region of the sample by means of 
an ion optical microscope. As we shall show 
later, the secondary-ion collection systems of 
multipurpose laser-ion microanalysis instru- 
ments are ion-optically suitable for microscopy 
but, at present, this interesting development 
has not been exploited. 

Five types of instrument configuration are 
discussed, Four depend on whether the primary 
radiation is composed of focused beams of pho- 
tons or ions/atoms that ablate either secondary 
ions or atoms/molecules that are subsequently 
ionized. The fifth configuration considers an 
ancillary process in which the analyte is de- 
livered by a pulsed jet of gas or vapor and is 
subsequently ionized and analyzed. In every 
case the analysis is carried out by a time-of 


flight (TOF) technique; this is a unique aspect |! 


of this type of instrument. 
The discussion investigates various figures 
of merit which are defined below. 


1. Absolute sensitivity or detection limit. 
This is the lowest detectable concentration of 
a particular element. This parameter is de- 
termined by the physical properties of the in- 
teraction between the material and the incident 
radiation, and the transmission of the mass 
analyzer including the detector, 

2. Relative sensitivity. This refers to 
the changes in sensitivity as a function of 
mass across the periodic table. 

3, Useful yield. This is an instrument- 
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dependent parameter equal to the ratio of the 

number of secondary ions per incident primary 

ion multiplied by the instrument transmission. 
It differs from (1) above in that it is inde- 

pendent of the intensity of the primary radia- 
tion, 

4. Abundance sensttivity. This is defined 
as the relative concentration of an element 
(species) of mass M + 1 that can be detected 
in the presence of another element of mass M,. 
A practical example of the importance of this 
parameter occurs when one wishes to detect a 
low concentration of Al* in the presence of a 
silicon substrate. 

5. Resolutton (spatial), This concerns 
the determination of one feature of the mater- 
ial from another both laterally and as a func- 
tion of dpeth. 

6. Resolutton (mass) R= m/n, This is 
the ability of an instrument to detect a par- 
ticular mass unambiguously. It is defined as 
the nominal mass of the peak, divided by the 
width of the mass peak at half maximum. 

7. Dynamite range. This is the ability of 
an instrument to detect a dilute element over 
a range of concentration. 


Laser Tontgzation Mass Spectrometry (LAMMS) 


This technique is suitable for nonvolatile 
organic and inorganic samples which, in a typ- 
ical apparatus, may be introduced and posi- 
tioned opposite the secondary ion extraction 
electrode (Fig. 1). Sample viewing and irra- 
diation may be accomplished by a light optical 
system concentric with the extraction elec- 


trode,+ The ion-extraction lens utilizes the 
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FIG, 1.--Schematic diagram of combined LAMMS 
and TOF SIMS instrument. 
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FIG. 2.--Schematic diagram of a combined LAMMS, TOF SIMS, and MPRI INSTRUMENT. 


solid angle about the extraction axis; the 
Cassegrain light lens, which has a much lower 
spherical aberration coefficient, takes advan- 
tage of the solid annulus not required by the 
extraction beam. Laser irradiation is 
achieved with a Nd-YAG laser which is frequen- 
cy quadrupled to a wavelength of 266 nm. The 
pulse duration of the laser is 5 ns, 

Although the analyzed volume in a LAMMS ex- 
periment is similar to that in EPMA, LAMMS of- 
fers analytical sensitivities approaching 1 
ppm. Further advantages are the ability to dis- 
criminate isotopes, to mass-analyze all elements 
with adequate mass resolution, and parallel 
detection; thus, a complete spectrum may be 
acquired for every shot, which makes the tech- 
nique ideal for applications requiring rapid 
inspection. The accuracy of quantitation is 
generally poor, except where considerable care 
is taken to calibrate the instrument with 
standard samples.” If the calibration is to 
be successful, it is important to match re- 
fractive indices, to use identical laser power 
and focusing conditions, to site samples in 
the correct position with respect to the ex- 
traction optics, and to set the TOF analyzer 
to accept the same energy passband, 

A typical application of LAMMS concerns the 
viewing and analysis of submicron polystyrene 
particles on a semiconductor wafer. The sin- 
gle-shot positive-ion spectrum in Fig. 53 shows 
ion species at m/z = 77 and 91, assignable to 
the cyclic ions CeHs and C7H7 (tropyllium), 
respectively. Other recognizable peaks, due 
to the molecular structure of polystyrene, are 
at M/z = 103 (M - H) and, to a lesser extent, 


M/L = 105 (M +H). The unassigned peaks can be 
attributed to the "backbone" of the polystyrene 
polymer. 


Time-of-Fltght SIMS 


Mass analysis of the ionized plume in a 
LAMMS instrument is naturally achieved by a 
time-of-flight technique. Consequently, it is 
a logical step to extend the performance of the 
instrument by fitting a suitable pulsed ion gun 
and charge-neutralizing system. If the ion gun 
has a fine focusing capability, the result is 
an imaging static SIMS instrument of unrivaled 
performance (Fig. 1). Here, one is exploiting 
the sensitivity of the SIMS technique, not for 
absolute sensitivity, but to derive valuable 
chemical information from a few surface mono- 
layers with minimal beam damage. 

A recent development that extends the sensi- 
tivity of the TOF SIMS technique at the expense 
of spatial resolution involves the fitting of a 
broad-beam pulsed neutral source. Using fast 
neutral particles simplifies charge neutraliz- 
ation and minimizes radiation damage of the 
sample surface. 

An interesting area for future development 
concerns the suitability of the TOF analyzer as 
a stigmatic imaging analyzer, capable of trans- 
mitting a time-dependent image through the 
analyzer to be detected on a multichannel plate 
array, and CCD array. At present no fundamen- 
tal reason can be found to preclude that, and 
the advantages to be had in reduced analysis 
time are considerable. 
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m/e 
FIG. 3.--Laser microprobe mass spectrum of sub- 
micron polystyrene sphere on silicon substrate. 


Multtphoton Iontzatton (MPI) 


Nonresonant MPI has been applied to time-of- 
flight instruments fitted with either an ion 
beam source,® or a laser probe,’ to facilitate 
the ionization of sputtered or ablated neutral 
atoms and molecules. A principal aim is to de- 
couple the sputtering and the ionizing process 
es so that each process may be correctly cali- 
brated and thus yield quantitative information 
regarding the surface or bulk composition of 
the target accordingly. Similarly, the separa- 
tion of material release and ionization, in 
principle allows organic molecules to be de- 
sorbed intact and subsequent fragmentation to 
be controlled. The guiding philosophy in non- 
resonant MPI is to ionize neutrals while avoid- 
ing selective resonances, so that unknown sam- 
ples may be analyzed. In contrast resonant 
MPI, while offering significant advantages in 
absolute sensitivity, is difficult to operate 
in a mode that allows an elemental survey. 
However, the fact remains that unless price is 
the determining factor, a resonant laser system 
could in future be used for nonresonant MPI. 

Becker et al. typically use a focused excim- 
er laser beam (193 or 248 nm) parallel to and 
about 1 mm away from the sample surface.*> Peak 
laser intensity is 110'° W/cm? to drive the 
ionization process to saturation, which is es- 
sential if it is desired to achieve uniformity 
of ionization for different chemical species 
and consequently similar relative sensitivities 
across the periodic table. 

Figure 2 illustrates how such an instrument 
configuration could be combined with LAMMS and 
TOF SIMS. Laser ablation of the sample is 
achieved by use of a CO, laser, and the ablated 
plume can be made to interact with a super- 
cooled inert gas jet which is delivered from a 
pulsed gas valve. The ablated plume is carried 
along the drift tube with the gas jet and is 
delivered to the ionization station suitably 
cooled. This cooling improves the selectivity 
and sensitivity of the resonant MPI process by 
freezing out the vibrational and rotational 
spectra, and increasing the population in the 
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FIG. 4,--Xylene isomers discriminated by reso- 
nant multiphoton ionization. (The authors are 
grateful to Prof. Donovan's group at Edinburgh 
University for permission to use these data.) 


ground state, which is particularly important 
since it makes the identification of isomers 
possible. 

Figure 4 shows an example of isomer dis- 
crimination where conventional mass spectromet- 
ric methods fail completely. Xylene isomers 
delivered to the postionization zone by a su- 
percooled Ar carrier gas are individually 
identified from their excitation spectra. 
absolute detection limit for xylene isomers 
was 107° xylene molecules per cm3, 

Although in this case the ionization was 
performed by resonant MPI, in general either 
mode could be used as appropriate. The super- 
sonic gas cooling offers no particular advan- 
tage when nonresonant MPI is chosen; however, 
such a device offers an alternative delivery 
system for organic solutes. 


The 


ConeLluston 


The points discussed above have been sum- 
marized in Table 1; clearly the figures may 
have to be revised in the light of future de- 
velopments. An instrument incorporating all 
the techniques summarized would be versatile 
in that the analyst could optimize any one of 
a number of parameters for the particular sam- 
ple being studied. 

Further developments of MPI will inevitably 
need to incorporate some of the current prac- 
tices found on high-performance dynamic SIMS 
instrumentation for control of the ion beam 
and optimization of the sputtering process, 


S21 


TABLE 1.--Summary. 


Absolute Relative Useful Abundance 
sensitivity sensitivity yield sensitivity 


LIMS Few ppm to Range 1-102 Pio? 
100 ppm 
SIMS 10 ppm > 10%° Range 1-10° 102-10" 7 1:10° 
< 1 ppm > 1% Range 1-10° 10° +107 7 
Nonresonant 1 ppm £55 1:10° 
MPT 
Resonant 1 ppb iS 1:101° 
MPI or better® 


“i gh-spatial-resolution mode; exact figure depends on element. 
Broad-beam mode; exact figure depends on element. 


Spatial Mass 
resolution | resolution 
1 um in x,y; 500 

0.1 um in z 


; | 
2000 A 2000 
1 mm 2000 
< ] um 2000 
| d 
< ] um | OG 
| 
| 


“abundance sensitivity has not its usual meaning here; what is intended is to show that the 
combination of two independent spectrometric techniques yields astonishing values for abundance 


sensitivity. 


In the sense that ionized molecules of identical mass can be discriminated. 


for example to reject atoms from the wall of 
the crater. However, the use of Ar* primary 
ions will relieve a number of instrumental 
artifacts that result from reactive primary 
ion beams. 
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LASER POSTIONIZATION TIME-OF-FLIGHT MASS SPECTROMETRY 
WITH A LASER-ABLATION CARRIER-GAS TRANSPORT SOURCE 


Mark Nicholas, J. G. Pruett, G. J. Havrilla, and S. R. Bryan 


In previously reported quantitative elemental 
analysis by laser ablation/laser postioniza- 
tion, the signal one gets at any one time de- 
pends on the time delay between ablation and 
ionization that one selects.’ To account com- 
pletely for this effect, one must integrate 
over all ablation/ionization delays. This pro- 
cedure complicates laser ablation/laser pos- 
tionization analysis. We have tried to elimi- 
nate this concern by homogenizing the ablated 
material with a pulse of rare gas before admit- 
ting the material to the ionization region of 
the mass spectrometer, 

We have investigated the use of rare-gas- 
moderated ablation for elemental analysis of 
glasses, refractory ceramics, and tool steels. 
Gas-moderated ablation consists of the vapor- 
ization of a target in a gas-filled ablation 
cell followed by supersonic expansion of the 
resulting mixture toward a mass spectrometer. 
We used nonresonant photoionization by a fo- 
cused excimer in hopes of obtaining near-uni- 
form ionization of the effluent from the sample 
cell. 


Experimental 


A source originally designed to synthesize 
naked inorganic clusters was modified to pro- 
vide primarily atomic species for composi- 
tional analysis. The source consists of a dead 
volume of 0.24 cm? between a pulsed gas valve 
and a 4mm-diameter port to a vacuum system, 

The sample is placed in the dead volume and ir- 
radiated through a window by the focused funda- 
mental, doubled, or tripled output of a Nd:YAG 
laser, which effects the ablation. The abla- 
tion laser runs at 10 Hz and is continuously 
moved over the sample by use of a rotating Dove 
prism. 

The pulsed valve delivers a 100us burst of 
helium to the sample surface. The ablation 
laser is timed to irradiate the sample some 
time within 1 ms after the helium valve begins 
to open. The resulting vaporization products 
and helium then flow into a chamber pumped by a 
10in. diffusion pump (2300 1/s) over a period 
of about 500 us. The flow is aimed toward a 
0.5mm-diameter skimmer, the opening of which is 
located 10.0 cm from the source exit. This is 
the entrance into the ionization region of a 
time-of-flight mass spectrometer, The ioniza- 
tion point is 16.4 cm from the source exit. 

The mass spectrometer is pumped by a turbomo- 
lecular pump (150 1/sec). An ArF excimer laser 
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operating at 193 nm with a 100mJ, 20ns pulse 
is triggered at variable delay times after the 
ablation laser to allow for travel time be- 
tween the source and the ionization region. 
The excimer laser is focused with a 76mm focal 
length lens delivering 90% of the energy to a 
rectangular 0.15 x 0.7mm spot. This lens is 
mounted on an XYZ translatable lens mount and 
can be moved to optimize overlap between the 
molecular beam and the laser beam waist. 

A time-of-flight mass spectrum is obtained 
by timing of the arrival of ions at a micro- 
channel plate detector following the ionizing 
laser pulse. Spectra are accumulated on a 
digital oscilloscope with 10ns resolution, 
averaged, and transferred to a computer for 
mass analysis and display. 

Peaks are then integrated and area ratios 
calculated and compared with known atomic 
ratios. 


Results 


A target of sintered SiC was analyzed to 
determine whether ablation, delivery, and 
ionization would maintain the stoichiometry of 
the material. The ablation laser beam con- 
sisted of both 532nm and 1064nm light. At 
high photoionization laser intensities, C+t and 
Sit account for 84% of the material (Fig. 1), 
with the remaining 16% of the C and Si atoms 
contained in molecular species. (The contri- 
bution to the Si/C area ratio from C and Si 
present in these molecular species was in- 
cluded in the Si/C area ratio calculation.) 


7 8 9 


10 
MICROSECONDS 


FIG, 1.--Mass spectrum produced by Nd:YAG 
laser ablation of SiC in helium pulse fol- 
lowed 180 us later by photoionization in fo- 
cused ArF excimer beam. 


The Si/C area ratio is rather constant over 
several hundred microseconds (Table 1), as was 
hoped, and its value at the time (180 us) of 
peak signal intensity is within 10% of the ac- 
tual atomic ratio. These same observations 
were made when the experiment was repeated with 
a 355nm ablation beam. 


TABLE 1.--Tabulation of the Si/C area ratio 
and signal intensity, as represented by **Ct 
intensity, versus ablation/ionization delay. 


ABLATION _ Si/C 12¢+ 

TO AREA INTENSITY 
IONIZATION RATIO (arbitrary 
DELAY units) 
(usec) 

110 0.82 5.4 

130 1.30 6.0 

150 1.46 13.4 

180 1.04 28.8 

350 1.24 9.1 

400 1.16 2.4 


In addition, other materials such as tool 
steel standards, glass standards, and ZnSe have 
been analyzed with varying degrees of success 
in obtaining uniform sensitivity. We suspect 
that some of these nonuniformities are due to 
the failure to saturate both the photofragmen- 
tation of molecular species and the photoion- 
ization of atomic species. 


Cone lustons 


These preliminary results demonstrate the 
feasibility of using gas-moderated laser abla- 
tion/laser postionization for quantitative de- 
termination of nonconducting samples that would 
be difficult by ion-beam-based methods. Com- 
plexities of ablation, photofragmentation, and 
photoionization need to be sorted out to im- 
prove the technique. 
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7-D 
LAMMS: Applications in Materials Science 


INDUSTRIAL APPLICATIONS OF LAMMA 


Reimer Holm and Dieter Holtkamp 


In this paper results from LAMMA experiments 

on a variety of technical products are pre- 
sented. The examples cover the following LAMMA 
applications: 


® LAMMA as a versatile microprobe both for in- 
organic and for organic samples 

® LAMMA as a sensitive mass spectrometric 
method with "soft ionization" 

@ LAMMA as a techique for surface analysis 


Emphasis is put on the organic microprobe 
capability of the LAMMA instrument, especially 
with respect to bulk samples. 


Experimental 


A LAMMA 1000 was used for all experiments. 
Instrumental details are omitted because 
another paper in this volume presents an over- 
view of experimental techniques for laser 
microprobe mass spectrometry.* The standard 
sample holder* can be replaced by a heating/ 
cooling stage and sample transfer lock for 
analysis of high-vapor-pressure compounds and 
frozen samples. Furthermore, a transmission 
illumination system (optionally with polarized 
light) for microscopic observation and subse- 
quent analysis of thin sections can be incor- 
porated. The laser power density and laser 
focus were adjusted according to the sample and 
kind of information required (elemental or 
molecular). All spectra were obtained from 
single laser shots. 


Results 


1. ZLAMMA as an Inorgante Microprobe. If an 
elemental analysis of bulk samples is required, 
the LAMMA 1000 has to compete with, for exam- 
ple, x-ray microanalysis and Auger electron 
spectroscopy (micro-AES). Although quantifica- 
tion is easier with the latter methods, LAMMA 
is generally more sensitive for all elements 
(including Li and B, which are not detected by 
x-ray microanalysis). Furthermore, the color 
contrast in the light microscope can be used to 
differentiate between particles with similar 
shapes, as demonstrated in Fig. 1, which shows 
LAMMA spectra from four different-colored types 
of particles in an enamel powder. ° Although 
the energy-dispersive x-ray spectra of the var- 
ious particle types were also clearly differ- 
ent, the LAMMA analysis was faster, because it 
was impossible to distinguish between the dif- 
ferent types of practically identical looking 
particles in the SEM image. 

Figure 2 shows islands on the surface of a 
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stainless steel annealed under unfavorable 
conditions.? The size of these particles was 
such that good light scattering was obtained, 
resulting in some loss of gloss. The Auger 
spectra of the islands showed accumulations 

of Cr, Mn, and Si (as oxides) with a thickness 
of 0.1 um (calculated from the sputter depth 
profile), whereas the thickness of the oxide 
layer in the 'normal'' regions was 10 nm at 
most. Although individual islands were not 
resolved in the light microscope, it was easy 
to find locations where the LAMMA spectra fit 
the Auger sputter profiles, because work with 
the LAMMA can be conducted at a very high 
speed. LAMMA provided the additional informa- 
tion that B and N had accumulated at all 

parts of the surface. If a particular parti- 
cle was bombarded a second time, the intensi- 
ties of Si and Mn were drastically reduced, 
which showed that in this experiment the in- 
formation depth was of the order of the parti- 
cle thickness, 


2. LAMMA as an Organie Mteroprobe. De- 
pending on the experimental conditions used in 
the synthesis of a certain organic compound, 
particles of up to three different kinds were 
found in different proportions (Fig. 3). As 
the particles were insoluble and thermally 
unstable, chromatographic methods could not 
be used to distinguish among the individual 
components; the particle types were therefore 
characterized by LAMMA, Figure 3 shows the 
negative mass spectra of the three types of 
particles. Types A and C were evidently dif- 
ferent crystal modifications of the same or- 
ganic compound, since the corresponding spec- 
tra contained the same characteristic lines. 
Type B was identified as the product of a side 
reaction, because the fragmentation pattern 
presented in Fig. 3 is identical with the 
fragmentation pattern of the byproduct (not 
shown), except for the signal at m/z = 110 
atomic mass units (amu). Several ions char- 
acteristic of A were sometimes found in the 
positive spectra of type B. This result, 
together with the detection of 110-, indicates 
that type B contained some portions of com- 
pound A. 

Figure 4 shows a light micrograph of a rub- 
ber compound in which an ingredient was poorly 
dispersed and had therefore formed agglome- 
rates. Energy-dispersive x-ray microanalysis 
of the particles provided merely a sulfur sig- 
nal; i.e., the agglomerates were either free 
sulfur or another sulfur-containing ingredient 
(e.g., an accelerator). LAMMA made a clear 
identification possible, as may be seen by 
comparing the negative particle spectrum 
(below) with that of the accelerator dibenzo- 
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FIG, 1,.--LAMMA spectra of an enamel powder. 


Spectra belong (from top to bottom) to clear, 
white, reddish, and brown particles. 
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thiazyl disulphide (above): in both spectra 
the same characteristic fragments occur, in 
addition to the deprotonated molecular ion at 
331 amu. A similar agreement was observed in 
the positive LAMMA spectra. 

The following example demonstrates that the 
use of transmission illumination with polar- 
ized light greatly extends the applications of 
the LAMMA 1000. Figure 5 shows a light micro- 
graph of a thin section in the vicinity of a 
defect in a surface coating. The defect was 
caused by a structure about 10 um in diameter 
which was not quite at the surface and there- 
fore not detectable with the conventional in- 
strument configuration. The LAMMA analysis of 
the thin section enabled the defect to be 
identified as a polyester fiber, as the posi- 
tive spectrum showed the same lines as a com- 
pact polyethylene terephthalate (PETP) sample 
(Fig. 5); a similar agreement was obtained for 
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FIG, 3.--Bright-field micrograph of crystallites obtained during synthesis of certain organic com- 
pound and negative LAMMA spectra of various particle types which differed both in shape and color. 
FIG. 4,--LAMMA analysis of agglomerates in rubber sample (bottom) and comparison with reference 
compound (top). 

FIG. 5,--Bright-field micrograph of an inclusion in paint coating (polarized light). Positive 
LAMMA spectra of inclusion (bottom) and comparison with polyethylene terephthalate (top). 

FIG. 6.--LAMMA reference spectra of ciprofloxacin (powder). 

FIG. 7,--LAMMA spectra of crystals from human urine sample after ciprofloxacin administration, 
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FIG, 8.--Detection of siloxane oligomers with 
SIMS-TOF and LAMMA. Samples were dissolved in 
toluene and dried onto etched Ag surface (SIMS- 
TOF) or Al substrate that had previously been 
covered with fine NaCl crystals (LAMMA). 


the negative LAMMA spectra. 

LAMMA is a very powerful method if discrete 
organic particles, e.g., filtration residues 
from solutions, have to be analyzed. Ina 
pharmacokinetic study on the antibiotic cipro- 
floxacin the influence of urinary pH on crys- 
talluria was examined.* If an unusually high 
dose of the pharmaceutical was given in combi- 
nation with a diet leading to alkaline urine, 
crystallites were observed in the urine of some 
volunteers. It could be possible that the 
pharmaceutical had been precipitated because of 
its low solubility product. However, the par- 
ticles could also be crystals of certain metab- 
olites which may possibly be toxic. As x-ray 
microanalysis and UV microspectral photometry 
failed to differentiate between ciprofloxacin 
and its derivatives, the LAMMA spectra of the 
crystals were compared with those of various 
reference compounds. Figures 6 and 7 demon- 
strate that both the positive and the negative 
spectra of the crystals were very similar to 
those of ciprofloxacin. It could be therefore 
concluded that the crystals consisted mainly of 
ciprofloxacin (probably as an Mg salt, which 
could explain both the signal (M+C1)~ at 366 
amu and the ion Mg* in the positive spectrum), 
and that no other organic compound contributed 
to the signal, except for a certain amount of 
the metabolite sulfociprofloxacin, which gave 
nearly the same fragmentation pattern, 


3. LAMMA as a Sensttive Mass Spectrometer 
with "Soft Iontzatton."” In problems requiring 
mass-spectrometric investigations of thermally 
unstable organic compounds, LAMMA can give re- 
sults similar to those of FAB or SIMS-TOF. 
Figure 8 compares LAMMA with SIMS-TOF in the 
case of siloxane oligomers. (The SIMS-TOF 
spectrum was recorded at the University of Mun- 
ster.) In both spectra the linear siloxane 
oligomers appear as cationized molecular ions; 
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FIG, 9,.--Negative LAMMA spectra of Cu after 

1 min immersion in drinking water containing 
5 mg/l benzotriazole (BT) and 5 mg/1 tolyl- 

triazole (TT). 


however, the intensity distributions are dif- 
ferent. The LAMMA spectrum shows in addition 
a series shifted 14 amu, which is attributable 
to cationized cyclic oligomers. They were 
admixed to the linear siloxanes in the ratio 
1:1 (by weight), which shows that the ioniza- 
tion probabilities are approximately equal for 
the two species. As a corresponding series 
also appears in the SIMS-TOF spectrum, it may 
be concluded that these ions are not fragments 
but likewise cyclic oligomers (contained in 
the sample); this conclusion was recently con- 
firmed by high-resolution SIMS-TOF experi- 
ments.° This example shows that LAMMA (and 
also SIMS-TOF) supply more information than 
that obtainable by gas chromatography, gel 
permeation chromatography, and high pressure 
liquid chromatography (e.g., identification of 
terminal groups in oligomers). However, the 
samples must be prepared from a suitable solu- 
tion because for compact polymers only frag- 
ments in the mass range up to about 500 amu 
are found, 


4, LAMMA as a Technique for Surface Analy- 
sts, Although the information depth of LAMMA 
is about 10-100 nm and thus considerably 
greater than for AES, ESCA, and SIMS, it is 
nevertheless possible to detect a few molecular 
layers of an organic adsorbate--provided that 
the ionization probability is sufficiently 
high. This feature can be seen in Fig. 9:° a 
copper sample was immersed for 1 min in water 
containing the corrosion inhibitors benzotria- 
zole and tolyltriazole in the ratio 1:1. 
Whereas intense protonated molecular ions were 
detected in the case of the pure substances 
(spectra not shown), these ions were not found 
on the copper surface. The negative spectrum 
(Fig. 9) contained not only the deprotonated 
molecular ions and characteristic fragments 
(formed through loss of Nj), but also Cu clus- 


ters, each of which contained two deprotonated 
inhibitor molecules. The intensities of the 
signals of the two inhibitors are comparable, 
which points to the existence of the same sur- 
face concentrations; it could therefore be con- 
cluded that there was no preferential adsorp- 
tion of one of the inhibitors. On the one hand 
this result confirmed the model concept of a 
"quasi-polymeric chain" of monovalent Cu and 
deprotonated inhibitor molecules. On the other 
hand this example demonstrates how sensitive 
LAMMA is in favorable cases: if a surface con- 
centration of 107° inhibitor molecules per 
molecular layer and square centimeter is as- 
sumed and if one takes into consideration that 
the layers had a maximum thickness of 5 molecu- 
lar layers (determined from AES depth pro- 
files), then there were approximately 4 x 10° 
moleucles within the focal point of the laser 
beam (defocused, 10 um in diameter). These 
molecules were detectable as intact molecular 
ions with an excellent signal-background ratio. 


Conelustons 


In an industrial environment with a variety 
of technical products, the organic microprobe 
capability is the most important feature of 
LAMMA, as no other method has had this capabil- 
ity so far. Therefore LAMMA has been combined 
with light microscopy, SEM, and TEM in a micro- 
analytical laboratory that has proved very ef- 
fective, as many problems that show the ne- 
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cessity of organic microanalysis remain after 
previous light microscopic or SEM investiga- 
tions. 

As far as the other LAMMA applications are 
concerned, there is some competition with other 
mass-spectroemtric or surface-sensitive tech- 
niques usually used under routine operating 
conditions. However, these methods may have 
drawbacks when special problems have to be 
solved, In such cases the complementary infor- 
mation from a LAMMA experiment, especially the 
negative mass spectrum, can be very valuable. 
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INVESTIGATIONS ON THE IDENTIFICATION AND DISCRIMINATION OF INDIGO-DYED COTTON 
FIBERS BY MEANS OF A LASER MICROPROBE MASS ANALYZER 


P, F. Schmidt and Bernd Brinkmann 


Light microscopical and microscpectrophotomet- 
ric methods are routinely used for the discrim- 
ination of colored fibers of textiles. Among 
the criteria for the identification and dis- 
crimination of cotton fibers are dye-stuff, in- 
tensity of coloring, morphological characteris- 
tics of the fibers and specific fluorescence;?,?- 
but with reference to indigo-dyed cotton fibers 
(jeans fibers), the application of these meth- 
ods has shown that jeans fibers of identical 
coloring are very often indiscernible. The aim 
of these investigations is to show that laser 
microprobe mass analysis (LAMMA) can contribute 
further criteria for a more exact discrimina- 
tion of indigo-dyed fibers. The LAMMA method 
is based on the mass spectrometric detection 
of atomic and molecular ions produced by la- 
ser-beam-induced evaporation of fiber matter. 
The results presented were obtained by investi- 
gations with a LAMMA 500. 


Identification of the Dye-stuff 


LAMMA analyses of differently dyed jeans fi- 
bers have shown that LAMMA can identify the 
specific dye, as can be demonstrated by one 
typical example. The dye-stuff of a specific 
jeans fiber can be identified from its spectrum 
by means of its mass line, m/e = 263 (Fig. 1). 
This mass line indicates the molecule mass line 
of the dye indigo, M+ H = 263, The same mass 
line can be found by the analysis of the dye- 
stuff indigo as reference. This identification 
can be the result of one single analysis, car- 
ried out within seconds, 


Deteetton of Color Sotling 


Due to the high detection sensitivity of 
LAMMA, even small concentrations of a dye-stuff 
can be detected. In special cases LAMMA spec- 
tra of jeans fibers can show the mass lines of 
indigo as well as mass lines of unknown origin. 
Figure 2 shows one example. In this spectrum 
the mass lines of the unknown dye are labeled 
with M and indicated by arrows (Fig. 2a). 

LAMMA investigations applied to other textiles 
of an accused person demonstrated that spectra 
from red-dyed cotton fibers of a shirt showed 
the same mass lines M (Fig. 2b). Later it 
could be reconstructed that the analyzed jeans 
fibers originated from jeans trousers that were 
washed together with the red shirt. 

Analogous results can be obtained in the 
analysis of white fibers, where the spectra can 


P. F. Schmidt is at the Institut flr Medi- 
zinische Physik and Bernd Brinkmann is at the 
Institut fllr Rechtsmedizin, Universitat 
Munster, Federal Republic of Germany. 


330 


also show mass lines due to color soiling. 


Disertmination of Jeans Fibers by the Detec- 
tton of a Fabrie Softener 


The analysis of the fibers of jeans trous- 
ers very often show fingerprint spectra of a 
fabric softener used after washing. Figure 3 
shows the spectra of two different fabric 
softeners, WS 1 and WS 2. The mass lines in- 
dicated were used as fingerprints for the 
identification of the specific fabric soften- 
er. 

The capability of LAMMA in the discrimina- 
tion of indigo-dyed jeans fibers by the iden- 
tification of fabric softeners may be demon- 
strated by the following case work. During a 
capital crime jeans fiber were transferred. 
By microspectrophotometric measurements alone, 
a Similarity in the dye-stuff (indigo) could 
be determined between jeans fibers of the 
trousers of a defendant and jeans fibers on 
the body of the victim. Because the victim 
also wore indigo-dyed jeans, these fibers 
were without any significance. 

By means of LAMMA the results with refer- 
ence to the indigo dye-stuff indigo could be 
ascertained. In Fig. 4 all showed that the 
jeans fibers on the body of the victim must 
have originated from two different jeans fab- 
rics: one group of fibers showed the fabric 
softener WS 1 (Fig. 4a); another, WS 2 (Fig. 
4b). The analysis of jeans fibers of the de- 
fendant's trousers showed that for these jeans 
fabric softener WS 1 had been used after wash- 
ing (Fig. 4c), whereas the jeans trousers of 
the victim contained fabric softener WS 2. 


Dtseusston 


The results presented have shown possibili- 
ties for the identification and discrimination 
of indigo-dyed cotton fibers. In general, the 
detection of the dye indigo presents no diffi- 
culties. One advantage of LAMMA is the high 
detection sensitivity, which enables the anal- 
ysis of color soiling produced by contamina- 
tion with dyes from other textiles during a 
joint washing process. Because fibers with 
color soiling are very rare, these fibers 
would have a high specificity. 

A further criterion for the discrimination 
of fibers is given by the adherence of fabric 
softener. The specificity of fibers with fab- 
ric softener depends on the proportion of its 
distribution with fabric softener in a given 
area. 

LAMMA analysis takes only milliseconds so 
that significant results can be obtained 
within a very short time. Also, the amount 
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of material necessary for one analysis is of 
the order of 107+* g. That means that only 
small areas of a fiber are required for the 
analyses, so that the rest of the fiber can 
be used for other investigations, 

Normally the fibers are secured by adhesive 
tapes, so that control measurements of the ad- 
hesive are also necessary, but in general no 
interference of mass lines originating from 
the adhesive with mass lines of interest are 
observed. However, the adhesive can influence 
the intensity of the mass lines because the 
adhering fabric softener may become partly 
detached. 

Very important is the moment of securing 
the clothes, which should not be washed be- 
tween the time of the transfer of fibers and 
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FIG. 1,--LAMMA analysis of jeans fiber: mass 
line m/e = 263 demonstrates the dye-stuff indi- 
go (molecular weight 262). 


FIG, 2,.--(a) LAMMA spectrum of jeans fiber dem- 
onstrating mass lines originated by indigo (I) 
and mass lines of unknown dye-stuff M (arrows); 
(b) LAMMA spectrum of red-dyed cotton fiber - 
from shirt, demonstrating mass lines of red 
dye-stuff, 
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the time the clothes were secured. 

To summarize, the analytical information 
obtained by LAMMA measurements can give addi- 
tional criteria for the identification and 
discrimination of indigo-dyed cotton fibers. 
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LAMMS APPLIED TO PROCESSING PROBLEMS IN THE GLASS INDUSTRY 


B. Evans 


Surface contamination is one of the major fac- 
tors that limit the use of glass in many dif- 
ferent applications. Control is often vital 

to economic success in any process and most of 
the available surface-analytical techniques 
have been used at one time or another in try- 
ing to establish the type and possible sources 
of contamination on glass surface. Siekhaus 
has already reported the use of LAMMS to exam- 
ine the variable laser damage characteristics 
of polished optical glasses that he was able 

to attribute to polishing residues remaining on 
the surface of the glass.’ However, the abili- 
ty of the technique to detect both inorganic 
and organic residues is potentially of great 
use in sourcing contamination; this note re- 
ports some examples of its use in problems as-~- 
sociated with glass processing. 


Experimental 


LAMMS analyses were carried out with a LIMA 
4A system (Cambridge Mass Spectrometry Limited, 
U.K.). The basic system comprises a Q-switched 
Nd:YAG laser quadrupled in frequency, which is 
fired as a pulse at the sample. The laser 
pulse has a power density variable from 0 to 10** 
W/cm? at 265 nm and can volatilize a cylinder 
of material 2 pm in diameter to a depth of 0.1- 
0.5 um. Both positive and negative ions are 
produced within the plasma; either may be 
chosen for examination. 

Generally, the glass samples examined were 
analyzed as received or after minimal cleaning 
to remove loose deposits. 


Glass Surfaces 


A normal "clean" float glass surface has a 
distinctive, characteristic spectrum. At high 
laser energies, the bulk components of the 
glass are detected; at low laser energies, 
where the surface zone of the glass is being 
sampled, one face of the glass shows a very 
distinctive peak distribution associated with 
tin. This peak is due to the method of forming 
the glass, which is floated on the surface of 
molten tin in the production process. 

The negative-ion spectrum of a "clean" glass 
is also quite distinctive, since a succession 
of peaks are present that can be attributed to 
clusters formed by network-forming elements 
within the glass structure. The presence of 
the silicate seems to be associated with the 
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the detection of both SiO, (60D) and SiO, 
(76D) with a definite contribution from 

SiO, H (77D), depending on the degree of hy- 
dration of the glass surface. 

The presence of the higher-order clusters 
attributed to Si,0, (116D), Si;0; (132D), and 
Siz05 (136D) may well reflect the bulk struc- 
ture of the glass, but the most distinctive 
contributions are from clusters attributable 
to alumino silicates at 119D (A102Si02) and 
179 D [A102(Si02)2]. Alumina is present in 
such glasses at about one hundredth the con- 
centration of the silica, but it is known to 
have a dramatic effect on the durability of 
the glass. 


Contaminated Glass Surfaces 


The type of contamination found on a flat 
glass surface very much depends on how it has 
been formed, transported, handled, and washed. 
If the glass is washed with dirty water, 
handled to leave oily fingerprints on the sur- 
face, or touched with soiled gloves, the sur- 
face becomes contaminated. The contamination 
is often difficult to remove and may survive a 
pre-coating cleaning process, with in itself 
can cause problems. In addition, detergents 
used in washing machines are sometimes not ef- 
fectively rinsed off the glass surface and 
some have proved to be detectable by the LAMMS 
technique. A wide range of commercial deterg- 
ents contain phosphates, which form a distinc- 
tive contribution to the negative-ion spec- 
trum: peaks are present at 63D (PO,) and 79D 
(PO;). It has been possible to detect the 
presence of these residual phosphates on the 
glass surface itself after a cleaning process, 
within a deposited thin film, and in some cir- 
cumstances as isolated deposits on the surface 
where they had formed coating defects and thus 
corrosion centers in a thin multilayer film. 
The contamination on the base surface can be 
confirmed by ESCA analysis, but it is impos- 
sible to detect this contamination in the 
coating by the same technique. 

Cationic surfactants are also used within 
some detergent formulations. Although SSIMS 
is the preferred method of detecting such res- 
idues, tests have shown that residues of 
cationic materials can be detected on glasses 
with LAMMA, a result that was supported by 
spectra obtained on a Fast Atom Beam Time of 
Flight facility which is present on the same 
instrument. These residues are difficult to 
identify and detect by ESCA, 

If a glass has had to be cleaned by polish- 
ing and the polishing material survives the 
cleaning process then (as Siekhaus stated) it 
is possible to detect the presence of and, with 


sufficient patience, the approximate density of 
such residues on a polished surface. Generally, 
such levels are not detectable by ESCA and are 
confirmed with a more detailed analysis by use 
of an ion microprobe (Cameka 3F). 

Most materials that come into contact with 
the glass are screened to insure that they do 
not transfer any significant amounts of materi- 
al to the surface, but some of the subsequent 
processes (such as coating or silvering) can be 
sensitive to transferred material. LAMMS, ESCA, 
and Scanning Electron Microscopy (SEM) are used 
as tools in this screening process; LAMMS be- 
cause it complements ESCA in being more sensi- 
tive in analyzing inorganic particulates and 
organic films, 

For example, if paper is used as an inter- 
leaving material, organic material can transfer 
to the surface. The positive- and negative-ion 
spectra from regions on these surfaces produce 
no obvious contribution from the underlying 
glass but quite distinctive peaks associated 
with the organics from the paper. Unfortunate- 
ly it is not easy to assign these organic peaks 
directly to one individual component of the pa- 
per because of the complex nature of the paper 
itself, but extensive accelerated testing is 
used to prepare control samples so that "fin- 
gerprints" of control surfaces can be obtained. 

Accidental contamination can also occur, for 
example from paint flakes falling on the glass 
and being trapped between glass sheets; through 
rollers that are contaminated with greases or 
have become worn and degraded; and from welding 
work carried out near the line or near exposed 
glass on a building site, which leaves metallic 
particles on a surface that on weathering lead 
to a stained glass. Severe staining of this 
nature can leave a glass with a very distinc- 
tive FeO, (88D) peak in the negative-ion spec- 
trum of the glass surface. 

Again, in most instances, a set of control 
surfaces deliberately contaminated with materi- 
al or artificially weathered in a specific man- 
ner has been used to provide "fingerprint" 
spectra against which the spectra from the 
fult samples are compared. In the future, one 
would like to foresee the build-up of a library 
of such fingerprints and of standard compounds 
so that the chemometric approach may be applied. 


Coneluston 


The LAMMS technique is very useful in exam- 
ining surface contamination of glasses, partic- 
ularly when used in conjunction with other sur- 
face-analytical techniques such as SEM, ESCA, 
Auger, and SIMS. In combination with these 
techniques, LAMMA allows a better description 
to be made of the state of the glass surface 
and of the nature, type, and possible source of 
both inorganic and organic contaminants on the 
surface so that contamination can be controlled 
or removed. 
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APPLICATION OF LAMMS TO LATERAL DIFFUSION IN SEMICONDUCTOR DEVICES 


L. A. Heimbrook, K. W. Moyers, and S. J. Hillenius 


The evolution of integrated-circuit technology 
toward devices of finer vertical and lateral 
dimensions has made their analytical evaluation 
more difficult. Smaller line dimensions pro- 
vide higher performance and greater density n+ 
and p+ channel transistors, The technical 
problem of maintaining the integrity of n+ and 
p+ devices as the connecting path becomes 
shorter must be characterized by both electri- 
cal and analytical techniques. 

This study applies the technique of LAMMS 
(Laser Ablation Microprobe Mass Spectroscopy) 
to the analysis of the lateral diffusion of the 
dopants As, P, and B through Ta and Co sili- 
cides, Electrical data indicate that as the 
silicide layer between oppositely doped gate 
structures is shortened, a rapid lateral diffu- 
sion path for n and p dopants can form which 
may counter dope adjacent polysilicon regions. 
LAMMS was used to analyze the effects of anneal 
temperature and time on the lateral diffusion 
of dopants in Ta and Co silicides, 


Experimental 


A lateral test pattern was designed on 4 and 
5 in. wafers including large source regions 
doped with As, B, or P (10 9-107 atoms/cc) im- 
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planted into the wafer after patterning. The 
pattern also consists of device lines 3 um 
wide and 5 to 80 wm long extending out from 
the large doped source regions (Fig. 1). The 
wafers were annealed at temperatures of 700- 
900 C for 30 to 120 min. In the lateral dif- 
fusion experiments over ]00 time-of-flight 
mass spectra are taken of each large source 
area of a known dopant concentration for a 
calibrant. Data are then obtained from the 
3um runners. The data showing more than 10% 
variation in laser power were excluded and 
depth calibration of a known laser power is 
based on prior measurements. 


Results 


Figures 2 and 3 show representative data 
for B lateral diffusion in TaSi, and CoSi,. 
The data suggest that B lateral diffusion in 
TaSi, is insignificant at LAMMS detection lim- 
its, whereas in CoSi, the diffusion is much 
greater at elevated anneal temperatures and 
times. The lateral diffusion of P and As in 
CoSi, and TaSi, was found to be significant at 
all temperatures and times studied. This lat- 
eral diffusion of dopants, if coupled with 
diffusion into the material, can lead to 
threshold voltage shifts in n+ and p+ devices. 


Cone Lustons 


These data provide information on surface 
diffusion in semiconductor materials, where 
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FIG. 1,--Schematic of lateral diffusion test pattern. 
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The ability to analyze at the dopant level 
within device dimensions is critical to future 
device development. 
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previously only bulk diffusion could be evalu- 
ated, The differences in lateral diffusion of 
the same dopant in two different silicides is 
clearly shown in the case of B in TaSi., and 
CoSi,. The formation of a boride in TaSi, lim- 
its the extent of the lateral diffusion com- 
pared to CoSi,, where no boride formation oc- 
curs and rapid lateral diffusion is detected. 
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DEPTH PROFILING BY LASER MICROPROBE MASS ANALYSIS 


Ute Bahr, Michael Karas and Franz Hillenkamp 


It is well documented that laser microprobe 
analysis shows high lateral resolution (down to 
below 1 um) but only little is known about the 
potential of this method in depth profiling of 
inorganic material, In literature only few re- 
sults are given showing ablation of at best 
several monolayers!~° covering a substrate ma- 
terial. Also, for organic analysis it has been 
reported that several monolayers can be ana- 
lyzed without affecting the metal target be- 
low." We report here about depth profiling in 
bulk inorganic material with depth resolutions 
in special cases in the subnanometer range. 


Expertmentatl 


The analyses were performed with a LAMMA 
1000® instrument at 266 nm wavelength. A de- 
tailed description is given elsewhere.’ The 
irradiances used were between 5 x 107® to 5 x 
10°? W/em2, In some cases slightly defocusing 
the laser spot was necessary for fine tuning of 
the irradiance. The examples shown in the fol- 
lowing are taken for samples supplied from in- 
dustrial companies for commercial LAMMA analy- 
sis. 


Results 


The first sample to be analyzed was an alu- 
minum target coated with three different layers 
of photoconducting materials. Data to be con- 
trolled by LAMMA depth analysis were as fol- 
lows: first layer, pure selenium 3-5 um thick; 
second layer (about 1 um), selenium and tellu- 
rium; and below a 60um layer of selenium, tel- 
lurium and arsenic. The spectra were taken at 
an irradiance of about 5 x 10’ W/cm?, In Fig. 
1(a) the spectrum of the first laser shot shows 
the isotopic peaks of Se* (m/z 74-82), Se,* 
(m/z 148-164) and Se,t (m/z 222-246). A pre- 
cise analysis of the isotopic pattern of these 
species (not shown here) shows a signal at m/z 
75, resulting from the monoisotopic arsenic and 
an enhanced isotopic peak at m/z 155, pointing 
out a SeAs molecular ion, The spectrum from 
the second laser shot shows a small peak group 
around m/z 208 (Fig. 1b); the source of it be- 
comes clear in the next spectrum from the third 
laser shot. The first layer has been penetrat- 
ed and tellurium from the second layer with m/z 
122-130 for Te+ and m/z 244-260 for Tet is 
registered. The peak group at m/z 202-210 rep- 
resents a cluster ion of SeTet. The signals 
from Ast and SeAs*+ have decreased. With the 
8th laser pulse, Ast has disappeared and the 
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FIG. 1.--LAMMA spectra of semiconductor lay- 
ers at various depths: (a) spectrum from lst 
laser shot, (b) 2nd shot, (c) 3rd shot. 


Te+ signals also decrease, indicating that the 
ablation front has reached the third layer. 
With the 10th laser shot, the spectrum shows 
only signals from selenium. The result of 
this rough depth profile shows that arsenic is 
enriched at the surface of the upper selenium 
layer. The second layer contains selenium and 
tellurium, as predicted, but has about the 
same thickness as the first layer; the third 
layer consists only of selenium--no tellurium 
and no arsenic was found. 

The second example again gives results of a 
rough depth profile for 1.3 um copper on a 
capton foil with a thin interfacial Ni-layer, 
which acts as adhesion promotor. The spectrum 
from the first laser shot shows Cu* signals 
accompanied by surface contaminants like Na* 
and Kt, Spectra from laser shots 2-4 show 
only copper signals. In the spectrum of the 
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FIG, 2.--LAMMA spectra of passivation layer on tin plate: (a) spectrum from the Ist laser shot, 


(b) 2nd shot, (c) 3rd shot, (d) 4th shot. 


Sth laser shot Nit from the interfacial layer 
is desorbed and not until the 7th laser shot 

is the pure polymer layer reached. In these 
examples the minimum depth resolution at low 
irradiance was below 0.1 um. It proves to be 
of great advantage for routine depth profiling 
that one can adapt the ablation depth to the 
problem by varying the irradiance. Thus a com- 
plete depth profile for the copper/polymer sys- 
tem was performed within a series of seven la- 
ser shots. Example 3 shows the analysis of a 
passivation layer on tin plate with a 0.5nm 
chromium oxide layer on top of 2nm Sn0,/Sn0 
covering the tin. Figure 2(a) shows the spec- 
trum from the first laser shot with a very low 
irradiance of about 7 x 10° W/cm2. Besides 
contaminations from the surface, like sodium 
and potassium, only signals due to chromium and 
chromium oxide are registered. The fact that 
no signals from the second layer material are 
to be seen points out that in this case only a 
few Angstroms have been ablated. The spectrum 
from the second shot (Fig. 2b) shows the onset 
of tin-oxide desorption from the second layer. 
With the third laser shot (Fig. 2c) intense tin 
and tin oxide ions are seen, whereas Crt sig- 
nals decrease. With the next laser shot (Fig. 
2d) the tin oxide layer has also been perforat- 
ed and intense signals from the supporting tin 
layer, Sn*t and Sn,*, are registered. 

The results presented above show that by 
variation of the irradiance depth profiling is 
possible for metallic layers far below 1 pm; in 
special cases, as reported for metal oxides, an 
extremely high depth resolution in the subnano- 
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meter range is documented. 
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LASER MICROPROBE FTMS AND MATERIAL SCIENCE 


M. Pelletier, G. Krier, J. F. Muller, J. Campana, and D. Weil 


The laser microprobe provides an important al- 
ternative to the ion microprobe for the quali- 
tative analysis of metals, polymers, trace con- 
taminant, and localized distributions of the 
elements in various matrices. Laser-induced 
ionization requires a minimum of sample prepa- 
ration, irradiated areas of about 10 um? can be 
ampled by focusing the laser beam through a 
special focalization optics, and the amount of 
energy deposited onto the sample surface can be 
easily controlled by varying the laser intensi- 
ty. Because of the wide limits of sample areas 
(100 to 4um diameters) and laser power density 
(10° to 101? W/cm?) , two modes of laser-in- 
duced ionization were identified by Heinen in 
1981: a plasma mode, and a laser-induced de- 
sorption (LD). The plasma mode generates 
atomic and small molecular fragment ions at 
high-power densties, and the LD mode is used 

to characterize surface species at low excita- 
tion levels and with a minumum degree of disso- 
iation.? 


Instrumentatton 


All the experiments were performed on a 
transformed, differentially pumped dual cell, 
Nicolet Instrument FTMS 2000, which can be 
called a Laser Microprobe Fourier Transform 
Mass Spectrometer.” This new apparatus will be 
described in detail in another communication. > 
We may say that we have all the advantages of 
Fourier Transform Mass Spectrometry, i.e., high 
resolving power and accurate mass measure- 
ments." This, coupled with a laser microprobe 
sample system, enables laser-induced ionization 
experiments. 

The laser beam optics have been calculated 
to obtain at focus a spot size of 3-4 ym on the 
target, but for most of our experiments the la- 
ser beam was slightly unfocused (crater diame- 
ter about 10 um) in order to have an irradia 
ance of about 107° W/cm?, which is high enough 
to vaporize sufficient material, enabling the 
analysis of surface contamination. 

The viewing system using an inverted Casse- 
grainean optics design gives a sample visual- 
ization with a magnification varying from 60 to 
240x., 

The whole sample surface can be analyzed, 
as an xX,y,Z movement is achieved by a micro- 
animulator or by a tight displacement of the 
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laser beam. 


Experiments 


The experiments were done in a dual cell at 
a magnetic field of 3.181 Tesla, with a source 
side pressure of about 107° Torr and an ana- 
lyzer side pressure of approximately 10-? 
Torr. 

Ionization was performed by an excimer la- 
ser charged with a KrF mixture at a 249nm 
wavelength and an irradiance about 107° W/cm?. 

The experimental sequence used for these 
laser experiments is as follows. 


@ following the quench events, ions are 
formed by laser-induced ionization in the 
source cell 

@ during the ionization event, the conduc- 
tance limit is kept at the trap potential 
(typically 1 or 2 V) to confine the ions in 
the source side, or contrariwise the conduc- 
tance limit is grounded to transfer ions in 
the analyzer side 

® a variable delay period follows, during 
which ion molecule reactions can occur. 

@ swept frequency ion ejection events can 
be used to remove major ions and enhance minor 
ions intensities 

@® the ions are excited by a swept frequency 
excitation and the ion image currents are de- 
tected, amplified, digitized, and Fourier 
transformed to produce the mass spectra 
(Pig. .1). 
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PIG, 1.--Experimental sequence, 


Some Results and Diseusston 


Surface profile analysis of an integrated 
circuit chip requires high spatial resolution, 
smal] laser spot diameters, and accurate sam- 
ple positioning (Fig. 2). To demonstrate the 


FIG. 2.<<Silicon wafer after analysis;*50x magnification, crater diameter about 10 um. 


TABLE 1.--Results obtained. 


Metallic part Contact Ceramic Water: 
Positive ions Fig. 3 Fig. 4 
Ejected ions Nat*,Kt* Nat* Kt* Nat*, Alt’, K** Nat * Kt* 
Analyzed ions Fet, Cot Nit, Aut, Au2*,.., AMS Ti, AL Si7 8 
sn2*+,Snt,Aut —.., AuS+ le SIOH* , Fet, Si0z* 


KoCl**, Cs** 


Negative ions 
Analyzedions CnHm7~*,F°*,  CnHm7*,Fo*, CnHm-*,FO*, CnHm~*,FO*, 
CI-* 17%, Aum CIW* IO Aum, CITE ITE ANS CIT IT, POT 
Aus POs~ 


* surface contamination 
* element which needs to be ejected to enhance trace element observation 


TABLE 2.--Mass accuracy for elimination of mass spectra interferences. 


Element Exact Mass Measured Mass Absolute Error ppm 
SBN it 57 934798 57 93476 07 
M6Sn2+ 57 950323 57 95035 05 
S9Cot 58 932649 58 93275 ise 
V8Sp2+ 58 950255 58 95040 22 
60Ni* 59 930240 59 93020 07 
120Sn2+ 59950551 39 95060 08 


Absolute mass error is below 2S5ppm 
Comparison of theoretical and measured isotopic ratios demonstrates that 


accurate peak heights were obtained with FTMS 
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FIG. 3.--Positive-ion spectrum 
of the metallic part. 


i : 
\80 
aaa laa my PALETTE TT TTT TY ae ae aa lids De dade me Bole os So oe ed 


100 120 140 160 180 200 
MASS IN AM U 


20 40 60 80 


RELATIVE INTENSITY 


98 


FIG. 4.--Positive-ion spectrum ae 7 
of the contact. li 


ott “prey A ane eee med OME eae nee EN Terry Try 


20 40 60 80 100 120 140 160 180 200 
MASS IN A MU 


‘jomynol mass Mecsured moss Rel intensity Abs intensity 
57.93479 omu 100.0 % 653 
95039 ‘ ri 


tat 
SMM 


FIG. 5.--Medium-resolution 
positive-ion spectrum. 
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usefulness of the laser microprobe FTMS for 
such applications, positive and negative ion 
mass spectra were obtained from four separate 
components of a circuit chip (Table 1). 


Metallie part: doubtless made up of tin 
with some gold, iron, cobalt, and nickel (Figs. 
3 and 5) 

Contacts: made of gold, which it is not 
astonishing since gold is the best electrical 
contact (Fig. 4) 

Ceramte substrate: an alumina-based ceramic 
with some silicon, zirconium, titanium, and 
chromium oxides (this last gives the ceramic 
its brown color) 

Stlicon wafer: contains a film of aluminum 
and a phophorous coating 


The whole sample surface presents Nat, Kt, 
and sometimes recombinations such as K,C1+ in 
positive ions, and C17, F~, I~, CnHm- (carbon 
clusters) in negative ions. Sodium and potas- 
Sium cations were certainly due to finger con- 
tamination on the surface during handling; that 
is why those ions were ejected from all posi- 
tive ions spectra. We have checked that it 
was a real contamination, by sweeping the sur- 
face with multiple laser shots at the same lo- 
cation, to confirm that sodium was only present 
at the surface. From the negative-ion spectra, 
it can be said that a fluoro-polymer used dur- 
ing photoablation chip processing may be the 
source of the fluorine contamination. Compound 
identification was difficult due to the exten- 
sive fragmentation observed even with a defo- 
cused laser beam, used to reduce the irradi- 
ance. All the spectra were obtained after only 
one shot in broadband (excitation/detection: 
2.6 MHz), which gives enough resolution for 
spectral interpretation (about 1500 at mass 
200). But medium resolution was used to sepa- 
rate mass spectral interferences on the metal- 
lic part of the circuitry (Table 2). Doubly 
charged tin isotopes resulted in doublets at 
m/z 58, 59, and 60 with nickel and cobalt ions; 
to resolve them, a 4000 resolving power (easi- 
ly obtainable with FTMS) is needed. On this 
sample, the difficulty was not the spectral 
interpretation nor the use of high resolving 
power, but only the sample positioning, which 
was easily achieved with the laser sample mi- 
croprobe system. 

Ultrahigh resolution capability has already 
been attained and will be presented else- 
where.° 


Coneluston 


The advantages of FTMS for Laser Microprobe 
Analysis are: 


® pulsed technique, excellent with laser- 
induced ionization 

® high mass resolving power 

@ separation of metal/metal isotopes 

® separation of metal/metal oxide isotopes 

® separation of singly charged ions from 
higher-mass doubly charged ions (when operating 
at high energy values) 

® elemental composition information from ac- 
curate mass measurements 

® entire mass spectrum obtained from a 
single laser shot 


The advantages of Laser Microprobe Analysis 
are: 


® this kind of apparatus provides analytical 
and imaging capabilities 

© spatial resolution, both analytical and 
viewing, down to 5 um allows all kinds of sam- 
ples to be analyzed 

® this is a reflection-mode prototype--the 
laser beam is either focused or defocused and 
is perpendicular to the surface, so that ions 
are formed directly in the source cell; there 
is no information loss with ion transfer 
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SOLID-STATE MASS SPECTROMETRY WITH A LASER MICROPROBE 


D. M. Hercules 


During the past few years several sources have 
emerged for obtaining mass spectra of solids: 
field desorption, fission-fragment desorption, 
secondary ion mass spectrometry, and laser 
desorption. Commercially available laser 
microprobe mass spectrometers present the 
possibility of a routine tool for obtaining 
mass spectrometry of solids directly. 

A typical example is the LAMMA-1000, which 
uses a Nd-YAG laser as a source coupled with 
a time-of-flight mass spectrometer with a mass 
range from 0 to 200 amu. Although the excita- 
tion mechanism is not well understood, ion 
emission is observed from a variety of organic 
compounds, including polymers. Laser mass 
spectra are particularly intriguing because 
approximately equal intensities of positive 
and negative ions are obtained. Although power 
densities of the order of 107-108 W/cm* are 
used, only moderate fragmentation occurs, even 
from fairly labile molecules. 

The laser microprobe can be used to obtain 
the mass spectra of many solid materials: 
simple inorganic and organic compounds, 
coordination compounds, polymers, and large 
biochemically important molecules such as 
vitamin B,>. For coordination compounds, 
results show that decomposition reactions 
caused by the presence of highly reactive atoms 
(such as iodine) can dominate the spectrum. 

An extensive study has been carried out in 
which the laser microprobe was used to investi- 
gate both simple polymers and complex polymeric 
materials. Results for acrylic polymers show 
that spectra can be partitioned between frag- 
mentation of the backbone and the side chain or 
pendant group. The biomedical polymers Biomer 
and Avcothane have been studied; fragmentation 
can be correlated with the polyether backbone 
and groups used to crosslink the polyether. 
Selected polymers with no pendant group, such 
as polyethylene (PE), polytetrafluoroethylene 
(PTFE), and polyvinyl chloride (PVC), were 
analyzed for distinct patterns due to the 
backbone. Two more polymers with distinct 
differences in sidechain functionality, 
poly(phenylmethacrylate) and poly(benzyl- 
methacrylate), gave results that were radical- 
ly different in the positive and negative ion 
spectra, which could be based on well-known ion 
stabilities and lead to easy differentiation. 
Spectra also were observed for polypropylene, 
polyacrylamide, polystyrene, polycaprolactam 
(Nylon 6), and polydimethylsiloxane. 

Laser mass spectrometry has been investi- 
gated as a tool for polyglycol analysis. 
Accurate M, values were determined for 
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polyglycol samples with average molecular 
weights <1000. Mp, values derived from LMS 
data were reproducible to +2% relative 

standard deviation and consistent with those 
obtained with field desorption (FD) and 
electrohydrodynamic ionization (EH). In 
addition, the relative selectivity of 
oligomers toward alkali metal ions were deter- 
mined for PEG and PPG. Selectivity orders and 
ratios measured by LMS were similar to those 
obtained from EHMS and solvent extraction data. 
Therefore, the applicability of LMS for My 
determinations and for probing oligomer-ion 
interactions for polyglycols has been 
established. 

Laser mass spectrometry was applied to the 
analysis of poly(flurorethylenes) for the first 
time. The polymers investigated ranged from 
poly(vinyl fluoride) to poly(tetrafluoro- 
ethylene). A fragmentation mechanism common 
to each fluoropolymer yielded structurally 
relevant ions indicative of the orientation of 
monomer units within the polymer chain. A 
unique set of structural fragments distinguish- 
es the positive-ion spectra of each homopolymer, 
which allows identification. A quantitative 
study of the structural fragments formed from 
four poly(vinylidene fluoride) samples allowed 
determination of percent backward addition of 
monomer units within each sample. The results 
compared favorably with those obtained from 
19— NMR spectroscopy. The applicability of 
LMS to poly(chloroethylene) analysis was also 
addressed. 

The LAMMA 1000 has been automated and 
programmed to produce ion maps with high 
lateral resolution. The sample is scanned in 
an x-y mode and time-of-flight mass spect ro- 
metric analysis is performed for each matrix 
element. A user-selected mass is searched for 
the maximum intensity, which is density coded 
and displayed as a four-sided polygon. A 
matrix consisting of 31 x 31 data points can be 
completed in 20 min. Ion maps were obtained 
for control samples consisting of organic dyes 
deposited on a nitrocellulose substrate with 
transmission electron microscopy grids as a 
mask. Results from maps of molecular 
cations have shown that the maximum lateral 
resolution obtainable was 2.5 um, which was 
limited by the diameter of the laser beam. 

Gold and aluminum ion maps were obtained from 
the analysis of a bonding pad in an integrated 
circuit, which shows that elemental information 
can also be obtained. In addition, ion maps 
were obtained for an inclusion in a coal 
maceral. The maps showed that the inclusion 
was composed primarily of iron and sulfur. 
Organic material was detected in localized 
areas on the periphery of the inclusion. 
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Factors affecting the reproducibility of 
organic laser mass spectrometry have been 
studied. Laser focus, laser power density, 
sample preparation method, and chemical effects 
contribute significantly to the variability of 
the mass spectra. Defocusing the laser 
enhances production of structurally significant 
organic ions. The yield of organic molecular 
ions is a nonlinear function of power density. 
The use of a polymer matrix (5% nitrocellulose) 
for dissolving the analyte(s) was found to be 
the optimum method of sample preparation. Use 
of such a polymer matrix, along with internal 
standards, permitted relative standard devia- 
tions of +15% to be obtained. 

It is instructive to contrast the study of 
polymers by use of the laser microprobe with 
results obtained by use of time-of-flight 
secondary-ion mass spectrometry (TOF-SIMS). 
Secondary ion mass spectra of a poly(dimethyl- 
siloxane), a polyurethane, and polystyrenes 
were studied. The spectra were obtained by a 
time-of-flight secondary ion mass spectrometer 
equipped with a mass-selected primary ion 
source, an angle- and time-focusing time-of- 
flight analyzer, and a single-ion-counting 
detector. Fragmentation in the low-mass range 
(m/z < 500)provided structural information 
about the repeat unit. Ag* and Na* cationiza- 
tion of polymer fragments and intact polymer 
molecules containing large numbers of repeat 
units in the high-mass range (m/z 500-10 000) 
allowed identification of the polymers studied. 
Fragmentation patterns were unique for polymers 
having different repeat units but equal mass; 
distinguishing between such polymers was 
possible. Oligomer distributions for poly- 
styrene standards obtained from the mass 
spectrum compared well with distributions 
determined by other techniques (e.g., gel 
permeation chromatography) . 

TOF-SIMS has been used for structural char- 
acterization and determination of molecular 
weight distributions of polymers. Structural 
characterization of polymers is based on frag- 
mentation patterns observed in TOF-SIMS 
spectra. Molecular weight distributions are 
based on desorption of intact oligomers. From 
m/z values of peaks corresponding to intact 
cationized oligomers and the corresponding 
intensities, number and weight average mole- 
cular weights have been obtained for mixtures 
and individual standard molecular weight 
polymers: polystyrenes, polydimethylsiloxanes, 
polydienes, polyethylene imines, polyethers, 
etc. (Mp < 10 000). Number average molecular 
weights determined by TOF-SIMS are within 10% 
of those determined by gel permeation chro- 
matography. 

Two important questions to consider are 
whether fragmentation and ionization-desorption 
processes affect molecular-weight distributions 
determined by TOF-SIMS, and how instrumental 
parameters influence detection of oligomers. 
Fragmentation and ionization-desorption will 
influence a molecular weight distribution if 
the fragmentation and ionization-desorption 
probabilities of individual oligomers vary 


Significantly with oligomer size. To 

evaluate this, sputtering cross sections of 
individual oligomers in various molecular 
weight distributions were determined from 
semilog plots of intensity vs time. Sputter- 
ing cross sections of oligomers of approximate- 
ly equal sizes are different for different 
types of polymers, and increase with increasing 
oligomer molecular weight for the same polymer 
type. Instrumental resolution and ion detec- 
tion influence the determination of molecular 
weight distributions by favoring ions of 
smaller mass. 

TOF-SIMS spectra were obtained for Imn- 
thick poly(dimethylsiloxane) and 200um-thick 
films made of Teflon brand fluorocarbon resin 
in the mass range up to m/z < 4500. It was 
found that one could overcome problems arising 
from charging of the polymers by placing a 
conducting grid on the polymer surface, keep- 
ing the primary ion current low to minimize 
charge accumulation, and adjusting the energy 
of the secondary ions. Cationized polymer 
fragments containing an integral number of 
repeat units were detected. From the location 
of a peak and the spacings between consecutive 
peaks, the mass of the repeat unit of the 
polymer could be determined. The spectra were 
also indicative of polymer surface contaminants. 
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STUDY OF POLYMER DEGRADATION BY LASER MASS SPECTROMETRY 


F. P. Scanlan, J. F. Muller, and J. M. Fiquet 


Thermal degradation of polymers and the analy- 
sis of their pyrolyzates by laser mass spec- 
trometry provides chemical information on the 
polymer sample.+~* For the industries that use 
these materials, the identification of degrada- 
tion products and a knowledge of the degree of 
degradation are important aspects; however, re- 
sults by laser mass spectrometry are scarce. 

In this study, two types of cation exchange 
resin, two types of anion exchange resin, and 
two polymers (polystyrene and polyoxyethylene) 
were investigated. Laser mass spectrometry was 
used to characterize the degradation process by 
following the appearance of polymer degradation 
products, and in the case of ion exchange res- 
ins, their functional group loss. 


Experimental 


Samples were pyrolyzed in evacuated sealed 
pyrex tubes placed in an insulated tubular fur- 
nace. Pyrolysis experiments were carried out 
at 200, 250, 300, 350 and 400 C for up to 24h. 
The exchange resins were new and untreated. 
Polystyrene and polyoxyethylene were pure sec- 
ondary standards. 

After pyrolysis the examples were recuperated 
by use of dichloromethane as solvent 
and allowed to dry. Analysis of solids was 
done by the laser microprobe mass analyzer 
(LAMMA-500 Leybold-Heraeus) and a laser micro- 
probe Fourier transform mass spectrometer 
(FTMS-2000, Nicolet Instrument Corp.). The 
LAMMA-500 was operated in the transmission mode 
with a Nd:YAG ionizing laser wavelength 286.5 
or 225.7 nm. Laser energy on sample varied be- 
tween 2.5 to 3.5 uJ with a laser spot size of 
2-5 um?, Spatial resolution is 1 pm. Mass 
spectrometer resolving power is given as m/Am = 
800 at m/z 208 for a lead standard, at a 10% 
valley definition. The FTMS-2000 was operated 
at an ionizing wavelength 193 nm or 249 m, 
spot size of 3-5 um; mass spectrometer resolv- 
ing power can be 10° at m/z 131 when operated in 
heterodyne mode. For our analyses, a resolving 
power of a few thousand was sufficient. 

Two principal laser ionization mechanisms are 
involved in both instruments. At high laser 
power density (107° W/em*), a plasma formation 
process takes place. At low power density (nt0® 
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W/em*), a laser desorption process takes 
place in which molecules are vaporized into 
the gas phase. The latter is also considered 
a “soft" ionization process. The formation of 
cluster ions is favored by use of a thermal 
process, and a nonthermal process for molecu- 
lar or quasimolecular ion formation. Both 
processes are Simply obtained by focusing or 
defocusing of the laser beam. 


Results 


The evolution of the degradation process 
with respect to time and temperature for all 
samples was shown by the appearance of degra- 
dation products in the LAMMA and FTMS mass 
spectra. Functional group loss was determined 
for the exchange resin samples. As an example, 
the loss of the sulfonic -HSO, functional 
group from the polymer chain of a cation ex- 
change resin can clearly be seen by a compari- 
son of the LAMMA spectra of undegraded, 
slightly degraded, and degraded samples 
(Fig. 1). In the negative ion spectrum of un- 
degraded resin the molecular ion peak of sul- 
fonated styrene is shown at m/z 184. Carbon 
and hydrogen cluster ions are found at m/z's 
CyHm, where n = 1-10 and m = 0-4, and sulfur- 
containing ions at m/z's: 32 S°, 33 SH’, 

64 (S27 or S027), 80 SO;-, and 81 HSO;~; the 
relative ion intensities of SO,~ and HSO,~- are 
80% and 20%, respectively. The negative ion 
spectrum of slightly degraded resin (200 C/24 
h) is the result of 100 accumulated spectra. 
This spectrum reveals the molecular ion peak 
at m/z 184, carbon hydrogen clusters CyHp, 
where n = 2-16 and m = 0-2, at the SO;7, 

HSO,;” ions. Unlike the mass spectrum of new 
resin, sulfur at m/z 32 is not found and only 
a small-intensity sulfur-containing ion at m/z 
64 is present. Also, the relative ion intensi- 
ties of SO,” and HSO,” are reduced to V30% and 
15%, respectively. The final spectrum pre- 
sented is also the result of 100 accumulated 
negative ion spectra. This spectrum is of de- 
graded resin (300 C/24 h). No molecular ion 
peak at m/z 184 is present, cluster ions of 
carbon and hydrogen CypHp are found where n = 
1-12 and m = 0-2, the relative ion intensities 
of SO; , HSO; are 10%, and there is no sul- 
fur- or sulfur-containing ion at m/z 64. The 
degraded resin has lost its -HSO,; functional 
group! 


Cone Lustons 


The thermal degradation of polymer materi- 
als, with respect to pyrolysis times and tem- 
peratures, can be followed by laser mass spec- 
trometry (LAMMA nad FTMS laser microprobes). 
Plasma and laser desorption ionization condi- 
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FIG, 1.--LAMMA spectra of undegraded (dried resin), slightly degraded (200 C/24 h) and degraded 
(350 C/24 h), cation exchange resin ARC 9351 (Duolite Co.), a sulfonated copolymer of sty- 


rene-divinylbenzene. 


Undegraded resin shows molecular ion peak of sulfonated styrene, whereas 


completely degraded resin shows functional group loss. 


tions can be easily obtained by focusing or de- 
focusing of laser beams. These analysis tech- 
niques can also be used to identify inorganic 
and organic degradation products from the di- 
rect analysis of the pyrolyzates. 
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LASER IONIZATION AND PHOTOABLATION OF POLYMERS WITH LAMMA AND FTMS MICROPROBES 


G. Krier, M. Pelletier, J. F. Muller, S. Lazare, V. Granier, and P. Lutgen 


Among the numerous applications of laser micro- 
probes, polymer analysis has become important 
in recent years. These instruments can provide 
precious information concerning purity and the 
fragmentation of these products.” One must op- 
timize laser conditions such as energy, wave- 
length, focalization or defocalization, and 
extraction or trapping of ions, all with re- 
spect to the type of phenomena studied. In the 
first part of this study, a comparison of the 
repartition of sodium and potassium ions in 
two polymers (polyethylene terephthalate (PET) 
and standard Spurr resin*) will be examined 
with respect to spatial resolution (% 1 ym), 
sensitivity, and laser focalization of the 
LAMMA-500 microprobe.? 

The second part of this work concerns the 
analysis, in reflexion mode, of PET and poly- 
styrene PS by the first Fourier transform mi- 
croprobe using an excimer laser.* This tech- 
nique allows for better control of the flux at 
the level of the impact. Sample ablation car- 
ried out by this instrument can be compared 
with other techniques of polymer photoablation 
by excimer laser, in widespread use since 
1982.° Mass spectrometry can provide precise 
information on ablation mechanisms due to pho- 
todecomposition, for which a better understand- 
ing of laser-solid interaction is needed.° 


Experimental 


Two laser microprobes were used. The first 
is a LAMMA-500 microprobe, in_the transmission 
mode, coupled to a dye laser.’ The character- 
istics of the laser wavefront are shown in 
Table 1. The time-of-flight mass spectrometer 
resolution is 800 for m/z 208. Three samples 
were analyzed by LAMMA: (1) Spur resin 1 um 
thick doped with sodium and potassium cryptates 
with a concentration of 10 mM; (2) polyethylene 
terephthalate of various thicknesses (1.5 and 
12 um); (3) polyethylene terephthalate 12 um 
thick metallized with 500 A aluminum. 

The second instrument is an FTMS microprobe 
used in bulk-sample analysis in the reflection 
mode with high resolution (>100 000) and high 
mass accuracy.*® The couple excimer laser was 
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operated at 193 and 249 nm. The laser's energy 
can be adjusted by use of a series of inter- 
changeable filters. Changing the focalization 
is done by precise displacement of the tele- 
scope lenses. Laser flux can be thus varied 
from 10 to 10? mJ/cm?; that is from 4 x 10° 

to 4x 101 W/cm* for a 25ns_ laser pulse. 
Two polymers were analyzed by the FTMS tech- 
nique: polystyrene and 12um-thick polyethylene 
terephthalate. 


Results and Diseusston 


Catton Repartition Study of Nat and Kt in 
Two Polymers by LAMMA-500, Twenty laser im- 
pacts spaced 5 um apart were performed. For 
each impact, the intensities (in mV) for so- 
dium and potassium are reported in Figs. 1 and 
2. The relative variation of these intensi- 
ties are of the order of 100% for PET, and 
only 20% for the standard. The difference is 
even more apparent for the ratio of intensi- 
ties Na/K, which vary more than 100% and less 
than 10%. These results can be explained by 


free migration; that is why Na* and K* cations 
are disordered on the surface of PET, whereas 
they are trapped in the uniformly reparti- 
tioned cryptates of the Spurr resin. 
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FIG, 1.--Repartition Na/K in PET. 
FIG, 2,--Repartition Na/K in Spurr. 


TABLE 1.--Laser parameters used with LAMMA, 


Wavelength | Energy onto the sample! Pulse duration | Irradiated area} irradiance Fluence 
286.5nm Bud | 10ns | 20m? 1,5E+09W/cm?2 | 1.5E+04md/cm? 


228.8nm Ty 10ns | = Pum? 1.4£+09W/cm2| 1.4£+04mJ/cm? 


The LAMMA microprobe's good lateral resolu- 
tion was used to characterize a metallization 
defect on the 500K aluminized surface of 12 ym- 
thick PET. It seemed necessary to use ioniza- 
tion at 228.8 nm in order to obtain enough ions 
from a small surface (7 um?); they correspond 
to the nonmetallized microcircles (Fig. 3). 
Thus, calcium was significantly detected in 
these "Milky Way" defects. Ionization at 
286.5 nm at the same energy did not give prob- 
ing results, doubtless because the ionization 
yield was weak. 


Polymer Analysts by the FTMS Mteroprobe in 
the Reflection Mode: Comparison with Photoabla- 
tion, In FTMS the ion intensities are a func- 
tion of energy and of the excimer laser wave- 
length used, 193 or 249 nm. For example, with 
polystyrene to obtain the same base peak in- 
tensity (36 arbitrary units), a fluence of 
61 000 mJ/cm* at 249 nm is necessary, whereas POLYSTYRENE ION INTENSITY 
at 193 nm only 3200 mJ/cm? was needed (Fig. 4). 
These differences can be compared to the flu- 
ence variation of ionization thresholds (that 
is, minimum fluence necessary to detect a sig- 
nal in the spectrometer), and the ablation 
thresholds found in the literature.’ The three 
fluence values are clearly weaker at 193 nm 
than at 249 nm (Table 2). It is obvious that 
the ionization yield is more efficient at 193 
nm than at 249 nm. This result is explained 
by a greater gas phase absorption, created by 
the laser at short wavelengths. Also, above a 
certain fluence (of the order of 300 mJ/cm?) oPS-249n — GPS-193nm 
this gas phase absorbs to the extent of becom- 
ing a screen for the solid and the ablation 
speed for the polymer is reduced, whereas the 
gas phase absorption at 249 nm is less. Pro- 
portionally a lot more neutrals are formed at 


2, FSE+03 5 SOE+03 2, 93E+04 5 ,46E+04 7 ,OOE+04 
Fluence (mJ/cm2) 


A nm 


Fragmentation pattern versus 
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LT aes 
249 nm. The same phenomena were observed for n 70 
PET. Moreover, with an ionization fluence : iF 
slightly greater than the ionization threshold | , - 
there are notable differences of intensity lev-| s 
els for certain ions (Fig. 5). An initial ; a 
analysis showed the characteristic high mass aoe 


fragments of polymers are more intense at 193 09 
nm whereas the low mass fragments are more in- 
tense at 249 nm. 


Fragmentation m/z 
FIPS at 193nm = IPS at 249mm = KPET at 193nm —s EXPT at 249mm 


FIG. 3.--Analysis of a "hole" in the Al metal- 
lized layer at 228.8 nm. 

FIG. 4.--Polystyrene ion intensity. 

FIG. 5.--Relative ion intensities of polysty- 
rene and polyethylene terphthalate at 193 and 
249 nm. 
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TABLE 2.--Energy comparisons (mJ/cm?) with re- 
spect to wavelength for polystyrene. 


Wavelength nm [I 


193 
Fluence for a given peak base height at 36 (mJ/cri2) 3200 
10 


Fluence lonization thresholds (mJ/cm2) | CO 
Fluence Ablation thresholds (mJ/cm2) 


Cone luston 


Good spatial resolution and good sensitivity 
of the LAMMA microprobe permits the characteri- 
zation of pinhole defects on polymer surfaces 
in the form of thin films. Due to its preci- 
sion in defocalization and tunable laser ener- 
gy, the FTMS microprobe appears to be a useful 
tool for ablation control experiments and for 
the characterization of ions in material pro- 
files. In this study clear ionization differ- 
ences were shown between 193 and 249 nm. _ Ion- 
ization at 193 nm is more efficient and there- 
fore better adapted for photoablation mechanism 
studies. In this field the FTMS microprobe 
will provide more information. 
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LAMMS: Biomedical & Environmental Applications 


IN SITU ANALYSIS OF CARNATION PHYTOALEXINS BY LASER 
MICROPROBE MASS SPECTROMETERY 


Annick Mathey, Luc Van Vaeck, and Pierre Ricci 


Phytoalexins are low-molecular-weight (MW) an- 
timicrobial compounds shynthesized by and accu- 
mulated in plants after exposure to microorgan- 
isms. Production and accumulation can be in- 
duced by treatment of plant tissues with high- 
MW cell wall components of pathogenic fungi and 
bacteria, termed elicitors. In general, phy- 
toalexins can be extracted and identified, but 
are not histologically localized by direct 
methods. To our knowledge, only one attempt 
has been made on soybean. 

The host-parasite system Dianthus caryophyl- 
lus LZ. (carnation) and Phytophthora parasitica 
Das tur (pathogenic fungus) has been extensively 
studied, The major phytoalexins are diantha- 
lexin (DX) and methoxydianthramide S (MDS) 
(Figs. 1 and 2), The fluorescence of the iso- 
lated compounds provides the means to guide 
LMMS analysis of infected carnation tissues. 
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FIGS. 1 and 2.--Structure of main carnation 
phytoalexins, DX and MDS. 
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Experimental 


Cuttings of a Sim type Ember variety carna- 
tion are dipped in an aqueous solution of eli- 
citor’ during three or four days and submitted 
to light 10h/day. Thick (20-30um) longitudinal 
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and cross sections are taken from the elici- 
tor-treated region up to 1 cm with a freezing 
microtome Reichert Frigocut and observed by 
fluorescence microscopy. The vascular system 
consists of partly lignified vessels (Fig. 3). 
After elicitation, modifications are observed 
and under UV excitation vessels emit green 
fluorescence with blue white spots in given 
points of the lignified parts (Fig. 4). The 
vessel contents also emit bright fluorescence. 
These regions are interesting for LMMS analy- 
sis, Semi-thin cryosections (0.5 to 1 um) are 
made without embedding with an LKB Ultrotome, 
photographed in a fluorescence microscope and 
in a Philips transmission electron microscope 
(dark field), and measured with the LAMMA 500, 
Details on the methods of procedure are avail- 
able elsewhere.° ° 


Results 


First pure DX and MDS have been analyzed. 
Negative LMMS results show deprotonated mole- 
cules at m/z 238 for DX and 286 for MDS, 
Fragmentation is negligible. In the positive 
mode, there are characteristic fragments serv- 
ing diagnostic purposes. However, their use- 
fulness depends on the alkali-concentration in 
the sample. An excess of K* suppresses posi- 
tive organic ion formation. 

For LMMS, cross sections of elicitor-treat- 
ed carnation are more appropriate in view of 
the surface availability.’ All fluorescent 
spots are investigated in the negative mode 
and, where possible, in the positive mode. 
Over 500 spectra have been taken from about 25 
sections. 

DX is found in the lignified wall of the 
vessels (Figs. 5 and 6) or in the obstructing 
inclusions after elicitation. An accompanying 
product, probably its oxygenated derivative, 
is usually observed (DXOH?),. The lack of a 
pure reference makes this interpretation ten- 
tative. Moreover, the compound has not been 
identified in the extract of elicited carna- 
tion. Longitudinal sections are difficult to 
analyze because the vessel wall covers the or- 
ganic target. Hence, inclusions emerging from 
the vessels after sectioning are analyzed. In 
general, DX is detected. Otherwise, the cov- 
ering material has to be perforated first by 
the laser to permit release of organic ions. 
The problem is sometimes circumvented by sec- 
tioning (dividing the vessel and exposing the 
contents, Fig. 7). DX is located in the lig- 
nified wall of xylem vessels and inside the 
vessels. The fibrous aspect of the inclusions 
seems to be due to material from degraded cell 
walls (Fig. 9). Although pure MDS emits a 
blue-green fluorescence under UV excitation® 
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FIG, 3,--TEM dark-field micrograph of semi-thin cryosection of carnation vessels. 
FIG, 4,--Fluorescence micrograph of thick cryosection of vessel after elicitation. 


and LMMS detection is expected in such regions 
of elicitor-treated carnation, a prominent sig- 
nal has been found only once; occasionally a 
smal] peak is seen in the presence of DX and 
its oxygenated analog (Fig. 8). 

Extraction and HPLC assay of carnation phy- 
toalexins after elicitation has yielded similar 
amounts of DX and MDS.* This observation is 
not confirmed by LMMS. This disagreement can 
be associated with the k* content of the vessel 
wall. Normally, an ionic form desorbs less 
easily than the neutral analog. Hence con- 
centration may be underestimated from compari- 
son of the signals at m/z 238 vs 286. 

The medullary tissue called parenchyma of 
elicitor-treated carnation has been also anal- 
yzed (Figs. 10 and 11). DX is found in cell 
walls and cytoplasm. MDS is more rarely de- 
tected. Positive spectra show less abundant K* 
concentrations than in the xylem, 


Cone lustons 


The capability of LMMS to detect organic 
targets in a complex matrix has been ex- 
ploited to verify the presence of given phy- 
toalexins directly in infected carnation tis- 
sues. Analysis is favored by the surface 
availability and the sensitivity of the product 
on the one hand, and the size of the local ac- 
cumulation as well as the possibility of select- 
ing the regions of interest by fluorescence mi- 
croscopy on the other hand. The results open 
promising perspectives in plant pathology, 
e.g., as to flavonoids. 
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FIGS. 5 and 6.--Fluorescence micrograph of semi-thin cryo cross section of vessel after elicita- 
tion and corresponding LMMS results. 

FIGS. 7 and 8,.--Fluorescence micrograph of semi-thin cryo longitudinal section of vessel after 
elicitation and corresponding LMMS results, 

FIG. 9.--TEM dark-field micrograph of semi-thin longitudinal cryosection, showing fibrous con- 
tent of vessel after elicitation. 

FIGS. 10 and 11,--Fluorescence micrograph of parenchyma cell after elicitation and corresponding 
LMMS results. 
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PROSPECTS FOR LASER MO 
Michael Karas and 


Laser microprobing for biological samples has 
been so far restricted mainly to elemental 
analysis. Only in some special cases with high 
local concentrations or larger organic com- 
pounds has a direct molecular analysis?>* been 
feasible. General biological microanalysis 
(i.e., the analysis of large biologically ac- 
tive molecules like enzyme proteins directly 
out of their native surroundings) doubtless 
constitutes an ultimate goal for laser micro- 
probing. So far, such an analysis was totally 
out of reach because two important prerequi- 
sites were not fulfilled. First, a desorption/ 
jonization technique that can set free and 
ionize molecules of molecular weights in the 

10 or 100 kDa range with high sensitivity was 
not available; and, second, an adequate detec- 
tion of such large ions seemed impossible. Re- 
cently Ultraviolet Laser Desorption Ionization 
(UV-LDI) of proteins up to molecular weights of 
more than 250 000 Da directly out of the con- 
densed phase was demonstrated by the authors 
using a matrix technique.*>* Such results on 
protein ion desorption and high mass ion detec- 
tion will be reported. The possible adaption 
of matrix desorption technique to biological 
samples will be discussed. 


Eapertmental 


Experiments were done with a LAMMA 1000 mi- 
croprobe instrument equipped with an ion detec- 
tion system applying up to 20 keV of postac- 
celeration potential at a separate conversion 
dynode (Cu-Be Venetian blind) preceding the 
SEM. Because flight times are larger than 1 ms 
for masses exceeding 150 000 Da, the transient 
recorder (LeCroy 9400) was used at a time res-~ 
olution of 80 ns/channel. Protein/matrix (ni- 
cotinic acid) solid layers were prepared on 
metallic substrates from aqueous solutions by 
evaporation of the solvent; the total amount 
of protein was in the sub-pmol range. Micro- 
structural analysis of the desorption sites was 
done by scanning electron microscopy. The cor- 
relation between ion-signal intensities and the 
amount of ablated material is used to estimate 
the absolute amount of sample necessary for a 
protein mass spectrum and thus the sensitivity 
reached. 


Results 


Figure 1 shows the matrix UV-LDI spectrum 
of B-D-galactosidase. Besides singly charged 
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FIG, 1.--Matrix UV-LDI spectrum of G-D-galacto- 
sidase, accumulated from 30 single shots; mea- 
sured molecular weight is 117 130 Da. 
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molecular ion signals also multiply charged 
molecular and singly and doubly charged cluster 
ions show up in the spectrum at lower intensi- 
ties. Though the mass resolution is less than 
100, the accuracy of molecular weight determi- 
nation is in the 0.1% range. Matrix ions were 
used for mass calibration. The absolute pro- 
tein amount of 500 fmol was spread over an area 
of 5 mm? and only about 1077 mm? of it are ir- 
radiated at a typical defocused laser diameter 
of ca 30 um. With only 107+” mol absolute san- 
ple amount in the irradiated volume, which is 
ablated by several successive laser shots under 
typical irradiances, total sample consumption 
for a mass spectrum can be estimated to be in 
the 107*® mol range. SEM imaging of protein/ 
matrix layers before and after irradiation and 
the correlation between ablation depths and 
LDI-spectra justify the above estimates. 

The unexpectedly good signal-to-noise ratio 
of ions even at masses exceeding 100 000 Da and 
the low absolute sample amount available for a 
LDI spectrum point to a remarkable detection 
efficiency, which is not to be expected from 
the literature°’»°® for velocities in the range 
below 10° ms~?, 

The signal intensities measured as a func- 
tion of ion velocity for a variety of different 
ions in the mass range of 100-170 000 Da sug- 
gest that there is a definite dependence of the 
detection probability on the ion mass, result- 
ing in a much higher overall sensitivity for 
large ions than anticipated from reports in the 
literature, even at a conversion potential of 
only 20 keV as used in the experiments report- 
ed here. 


Coneluston 


The results document that the mass range for 
ion production can be extended by matrix 
UV-LDI to a region covering many biologically 
relevant macromolecules. Their stability in 
the millisecond range, prerequisite for ions 
to be detected in the LAMMA instrument, togeth- 
er with a remarkable sensitivity as well as ion 
detection efficiency even at masses above 
100 000 Da open new perspectives for molecular 
microprobing of biomacromolecules. If a suit- 
able preparation technique could be found for 
biological samples, by which the common embed- 
ding material such as paraffin or epon could 
be replaced by a matrix as supportive for the 
desorption/ionization as is the nicotinic acid 
used so far in the experiments reported, true 
molecular microprobing no longer appears to be 
totally out of reach. 
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LAMMS DETECTION OF DENTAL METALLIC COMPOUNDS IN THE HUMAN ORAL MUCOSA 


Peter Rechmann, J. L. Tourmann, and R. L. Kaufmann 


Amalgam tattoo of the oral mucosa membrane is a 
relatively common lesion, with an estimated in- 
cidence of 1.4%. Amalgam tattoos usually ap- 
pear as blue dark lesions, to date considered 
as not esthetic but innocent (Fig. 1). Amalgam 
tattoos are generally thought to be the conse- 
quence of an accidental implantation of amal- 
gam particles, e.g., by direct penetration of 
particles into mucosa propelled by high-speed 
instruments during dental treatment. 

With the increasing awareness of the poten- 
tial chronic toxicOlogy of trace heavy metals 
it has become necessary to evaluate the fate of 
such particulated metal inclusions with respect 
to their local transformations (passive or ac- 
tive). So far, only a few scattered investiga- 
tions using mainly EDX are found in the litera- 
ture.*~* However, the results are methodologi- 
cally neither appropriate nor conclusive. From 
this and other evidence, it is suspected that 
larger tattoo particles merely undergo passive 
physico-chemical transformations with prefer- 
able mercury leaching out of the alloy, whereas 
small particles are thought to be taken up for 
example by macrophages via phagocytosis. 

In this study a systematic investigation has 
been performed in oral mucosa tattoos by means 
of LAMMS analysis in 17 specimens (16 biopsies, 
1 necropsy). 

The histological picture of such tattoos is 
usually rather unspecific, ranging from a vir- 
tually unchanged tissue texture to heavy in- 
flammatory reactions. Metal particles are 
found in nearly every section (at least in the 
center of the tattoo) ranging in size between 
the lower limit of the optical resolving power 
of the UV transmission microscope (0.2 um) and 
rather large particles up to several tens of 
micrometers. The appearance of a typical spec- 
imen is shown in Fig. 2. 

In 13 of the 16 biopsies particulated inclu- 
sions could be identified as being derived 
from dental amalgams. In the three other sam- 
ples the tattoos were not related to dental 
amalgam but obviously originated from a silver 
cone (2 cases) or an unidentified metal alloy 
(chromium, molybdenum) in one case. In the 
necropsy the metallic compounds detectable were 
identified as parts of a typical gold alloy. 

In most of the investigated samples, LAMMS 
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spectra of the microinclusions revealed-—-in 
addition to the leading elements of the alloy 
~-the presence of elements (P, S, Ca, Fe, Se) 
not known to be contained in the original ma- 
terials. It is assumed that these elements 
reflect specific tissue reactions in response 
to the penetration of metallic microparticles 
presumably indicative of some kind of an ac- 
tive "detoxification" process. 


Matertals and Methods 


Biopsies were taken under local anesthesia 
from dark discolored parts of the oral mucosa. 
Specimens were shock-frozen in supercooled 
liquid propane and freeze-dried at -80 C dur- 
ing 72 h. After embedding in Spurr's low- 
viscosity medium, sections were cut dry (2 um) 
and analyzed in a LAMMA 500 instrument, 
equipped for UV imaging of the unstained sec- 
tions. 

Some of the embedded specimens containing 
metallic particles exhibited a hitherto un- 
known "contamination effect" by the metallic 
elements (see also Kaufmann et al., 4th LAMMS 
International Workshop). However, this phe- 
nomenon did not occur in all specimens; 16 out 
of 27 samples not infected with this artifact 
were examined in this investigation. 

As a first step during LAMMS analysis a 
section of each embedded sample was sytemati- 
cally screened for trace elements present any- 
where in the tissue. In a second section only 
the clearly distinguishable particles, visible 
in the UV microscope of the LAMMA 500, were 
analyzed (8-15 particles in each specimen). 
Laser power was set to 100% transmission in 
order to provide maximal sensitivity with re- 
spect to mercury. 

The necropsy specimen was taken from a not 
discolored gingival area opposite of a dental 
crown made of gold alloy. 


Results 


An overview of all samples analyzed in this 
study is given in Table 1. 

In the group of the 13 specimens character- 
ized as amalgam tattoos, 119 individual metal- 
lic microinclusions were analyzed. In most 
instances repetitive spectra could be recorded 
from each particle such that the total number 
of spectra evaluated amounts to 597. Signal 
intensities were roughly weighted by distin- 
guishing "trace" signals (near the detection 
limit), "minor" signals (5-10% full scale) and 
'major™" signals (leading or saturated peaks). 

The LAMMS criterion for attributing the 
origin of a tattoo to amalgam was a mixed pop- 
ulation statistics comprising particles of 
preferably silver or tin signals, or in most 


FIG. 1.--Slightly enlarged view of typical amalgam tattoo. 
FIG. 2.--Histological section of amalgam tattoo showing metallic particles (toluidin blue 


staining. 


TABLE i1.--Origin of samples and LAMMS signals 
as related to dental alloy. 


Origin of lesion 
as revealed by 
LAMMS analysis 


related to 
dental alloy 


16 biopsies | 


3 amalgam ! 
of tattoo 2 silver cone Ag 
1 unidentified Cr, Mo 


alloy 


1 necropsy | 
i a 


instances a combination of both signals. The 
incidence of the 4 elements copper, silver, tin, 
and mercury as detected by LAMMS analysis in 
the metallic tissue inclusions (n = 597 spectra 
out of 119 particles) is demonstrated in Fig. 3, 
whereas Fig. 4 shows the same kind of statisti- 
cal evaluation obtained in reference amalgam 
particles derived from bulk amalgam samples re- 
moved from extracted teeth. Comparison of 
these data reveals a drastically reduced inci- 
dence of mercury signals in the metallic tissue 
inclusions equally affecting the three classes 
of signal intensities. 

A similar but less pronounced reduction of 
signal intensity refers to the detection of 
copper, whereas the incidence of Ag and Sn over 
the three intensity classes remains roughly un- 
changed. (Whether the slight change of the sil- 
ver to tin incidence ratio is statistically 
meaningful cannot be decided at the moment.) 

Figure 5 gives a statistical evaluation for 
the incidence of signals not related to the 
original alloy but more or less regularly found 
in the LAMMS spectra recorded in the metallic 
tissue inclusions. Taking into account only 
the signal intensities of the "minor" and 
'major" classification, it appears that 57% of 
the LAMMS spectra exhibit iron; 57% calcium; 
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Typical signals 


1 gold alloy | Ag, Pd, Au 


36% sulfur; 28% phosphorus; and most interest- 
ing, 17% selenium (with the class of "trace" 
signals included). A typical spectrum of such 
an element combination is shown in Fig. 6. 

Two of the 16 tattoos, which according to 
clinical criteria had been classified as typi- 
cal amalgam tattoos, were found to be unrelat- 
ed to amalgam by LAMMS analysis since the only 
element detectable, even in the largest metal- 
lic inclusions, was silver, indicating that 
these two tattoos originated from silver 
cones typically employed in endodontic surgery. 

The remaining case of the investigated tat- 
toos could be identified as being due to an al- 


' loy featuring molybdenum and chromium as major 


components and could not be explained from the 
known history of the case. 

The last case, a necropsy investigated by 
LAMMS, does not strictly belong into the sys- 
tematics of this investigation insofar as no 
recognizable tattoo was present in the area 
from which the specimen was taken. Neverthe- 
less, LAMMS analysis revealed the presence of 
a gold alloy (Pd, Ag, Au) most probably origi- 
nating from a typical dental casting material 
(Fig. 7). Of particular interest in this case 
is the presence of lithium detected by the 
LAMMS analysis. 


Discusston 


In agreement with earlier results, the in- 
vestigation confirmed that typical tattoos in 
the oral mucosa consists of metallic micropar- 
ticulates'>%>® which in all likelihood were 
artificially implanted in superficial tissue 
layers during a dentist's manipulation such as 
grinding, drilling, or polishing. 

It is generally accepted that dental alloys 
undergo corrosion if exposed to the typical 
oral environment. However, despite the large 
body of investigations dealing with this prob- 
lem, the image of corrosion processes occur- 
ring for example in the various amalgams is, 
up to now, far from being complete and fully 
understood. 


Cu Ag Sn Hg 


384 
Hi trace 


ore EA minor 


18 


ocd 


P § Ca Fe Se 


FIG. 3.--Element distribution (in % incidence) of amalgam-related elements in 597 recorded spec- 


tra from 119 tattoo particles. 


FIG. 4.--Element distribution in amalgam reference sample in % incidence of the analyzed parti- 


cle population (n = 100). 


FIG, 5.--Element distribution (in % incidence) of nonamalgam-related elements in 597 recorded 


spectra from 119 amalgam tattoo particles. 
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FIG. 6.--Typical LAMMS spectrum demonstrating amalgam-related (Ag, Sn} and nonamalgam-related ele- 


ments (P, S, Ca, Fe, Se). 


FIG, 7.--Spectrum of casting gold alloy as identified by Pd, Ag, Au LAMMS signals in a not dis- 


colored gingiva. 


Evidence is even less conclusive if one 
looks at the fate of such alloys implanted in a 
tissue environment. Such an environment cer- 
tainly differs in many respects (pH, ionic com- 
position) from the oral milieu. That means 
that corrosive processes typically seen under 
saliva exposure are certainly not comparable to 
what might occur in a tissue environment. 

Furthermore, one might expect particles to 
undergo transformations (if located in a bio- 
logical active tissue) that are not entirely 
passive but might be rather the result of ac- 
tive processes in an attempt of the tissue to 
eliminate and/or "detoxify" the metallic for- 
eign body. 

The present investigation can certainly be 
taken as a piece of evidence that both princi- 


ples of transformation do occur. The disap- 
pearance of mercury from the tattooing amalgam 
particulates may be taken as an indicator of 

an element-selective (corrosive) leaching and 
agrees with the observation of Cox and Eley, 
who demonstrated a long-term release of mer- 
cury from powdered dental amalgam implanted in 
guinea pigs.’ On the other hand, the accumu- 
lation of iron and selenium in combination with 
sulfur, phosphorus, and calcium are certainly 
strong indicators for an active metabolic pro- 
cess involved in the process of particle trans- 
formation. 

In this context we note that a selective 
association occurs of either iron or selenium 
with special groups of the metal particles 
(Fig. 8). Iron was found in 95% of the 130 
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FIG. 8.--Histogram showing the selective asso- 
ciation of S and Se to Ag and the association 
of P and Fe to Sn (standardized to 100% of Sn- 
dominated spectra and 100% of Ag-dominated 
spectra, respectively). 


spectra (out of the 597 spectra recorded) in 
which only tin (but not silver) appeared as an 
amalgam-related signal, but only 9% of the 
spectra featuring silver (but not tin) as an 
amalgam-related indicator. On the other hand, 
selenium occurred exclusively in spectra with 
silver as the only amalgam-derived compound 
(26% incidence). A similar unequal distribu- 
tion was found for phosphorus and sulfur, re- 
spectively. Finally, the rather high incidence 
of calcium associated with both kinds of ele- 
ments might be at a first suggestive of micro- 
calcification processes occurring around the 
particles, The latter finding is also consis- 
tent with observations made by Harrison et al.3 
and McGinnis et al." 

Finally, we may dare to speculate that the 
detection of unusually high sulfur signals in a 
rather large fraction of the LAMMS-analyzed 
microinclusions, and even more so, the rather 
unusual occurrence of selenium have something 
to do with an accumulation (for example) metal- 
lothioneins featuring a large fraction of the 
sulfhydryl-bearing aminoacid cysteine. Such 
metallothioneins have been repeatedly mentioned 
as playing a role in heavy-metal detoxification, 
although experimental evidence in this respect 
is still far from being conclusive.® 

It appears further that in certain enzymatic 
proteins (e.g., glutathione peroxidase) selen- 
ium can replace for sulfur in the cysteine. To 
what an extent selenium cysteine is present in 
other cysteine-rich proteins, such as metallo- 
thionein, is unknown. ° 

In any case selenium has been known to re- 
duce the toxicity of cadmium and mercury in 
studies of chronic cadmium/mercury toxicity.?° 
Histochemical studies will follow to check for 
the potential presence of high glutathione 
peroxidase activities in the investigated sam- 
ples. 
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LAMMS STUDIES OF SILICA DUSTS: CHEMICAL CHARACTERIZATION AND CYTOTOXICITY CORRELATION 


J. LU. Tourmann and R. L. Kaufmann 


The pathophysiological mechanisms underlying 
the induction of coalmine workers disease 
(pneumoconiosis) are still a matter of debate. 
Although the predominant role of quartz is 
widely accepted, there are still conflicting 
epidemiological and experimental evidences in- 
dicating the existence of additional and/or 
modulating factors determining the degree of 
neumotoxicity.?~* The physico-chemical chemi- 
cal analysis of coalmine dust samples has been 
so far entirely based on gross chemical and 
mineralogical techniques. However, since coal- 
mine dust samples represent a rather heterogen- 
eous mixture (exogen as well as endogen) of 
particles, a "single-particle approach" appears 
mandatory for a full characterization of such 
samples. 

Among all techniques of microprobe analysis, 
LAMMS is at present the only one capable of 
analyzing, in a reasonable period of time, a 
large population of individual particles of, 
say, N > 500 to provide meaningful statistical 
results in the form of "chemical histograms" 
characterizing the specimens according to se- 
lected group parameters. For instance, a dust 
sample containing 5% of quartz as determined by 
gross analysis (e.g., IR spectroscopy) can mean 
that either 5% of particles exclusively consist 
of quartz (exogen mixture) or, at the other ex- 
treme, that all particles have an admixed frac- 
tion of 5% quartz each (endogen mixture). 

From the toxicological point of view, this 
would probably mean two different situations. 

True coalmine dust samples are usually a 
highly heterogeneous mixture (exogenous and 
endogenous) of crystalline and probably amor- 
phous mineral compounds with possibly intercor- 
related promotive and protective effects (cy-~- 
totoxic and fibrogenic). Thus studies aiming 
at a merely monocausal correlation of analyti- 
cal with toxicological data cannot be expected 
to yield clearcut and unequivocal information. 

It thus appeared necessary to unfold the 
complexity of the problem by proceeding step- 
wise in such a way as to delineate subgroups of 
less complex samples bearing only one known or 
suspected cytotoxic and/or fibrogenic principle. 
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Such samples may offer a better chance of es- 
tablishing clearcut correlations between 
physico-chemical factors and the biological 
response, This was the rationale behind the 
subsequent investigation on various silica 
dust specimens, all consisting of 84-100% of 
Silica (crystalline or amorphous) that have 
been shown to exhibit large differences of 
cytotoxic effects in a macrophage assay.* 

Ten such samples have been characterized by 
LAMMS analysis according to a classification 
scheme centered around three major criteria: 
(1) the 7°Si signal, (2) the 7’Al signal and 
(3) other signals designated individually or 
in combination as a group indicator called X. 
Each particle was classified according to the 
incidence of these three criteria or certain 
combinations of them so that the entire clas- 
sification scheme comprised nine groups of 
particles. The incidence of each group of 
particles was then correlated with the cyto- 
toxicity data obtained in the same selection 
of samples. 


Experimental; Results 


Measurements were performed on the amor- 
phous silica glass Suprasil-W (SUP), the rock 
crystal KQ BRA I (BRA), and quartz sands of 
the following geological deposits: Dorentrup 
(DQ12), Mol (MOL), Hirschau (HIR), Haltern 
(HAL), Freihung (FRI), Grasleben (GRA), Ne- 
mours (NEM), and Gambach (GAM). The gross 
silica content, the A1l-ESCA signal intensity, 
and the cytotoxic efficacy of these samples 
are summarized in Table 1.*~° The cytotoxicity 
of the samples had been determined in a former 
investigation by measurement of the TTC (tri- 
phenyl tetrazolium chloride) reduction activity 
of peritoneal macrophages from guinea pigs 
(incubation time 120 min).*’ Particle size was 
below 7 um with a median between 1 and 2 um. 
For LAMMS analysis, particles were deposited 
by adhesion on a 200-mesh Formvar-coated EM 
grid. We analyzed 100-130 particles in each 
sample by means of the LAMMA 500 instrument in 
the positive-ion mode, 

In a first group of LAMMS measurements the 
recorded spectra were evaluated according to 
the following scheme: 


a. The intensity of each mass signal un- 
equivocally attributed to an element was semi- 
quantitatively weighted (by normalization to 
the *°si signal) into three groups: (1) ''trace" 
(signal amplitude near the detection limit), 
(2) 'minor" (relative intensity comparable to 
the signals of the *°Si or ?°Si isotopes), and 
(3) "major" (signal reaching the saturation 
level of the transient recorder). 

b. This scheme of evaluation was initially 
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TABLE 1,--IR quartz content (%), cytotoxicity data (100-TTC.RA in %) and Al1-ESCA signal of 


samples,*~° 


SAMPLE QUARTZ CONTENT (3%) 


CYTOTOXICITY (%) 


Al-RSCA x 1072 


DQ12 87 

SUP Pure amorphe SiO, 
BRA 95.7 

MOL 89.8 

HIR 95.2 

HAL 96.8 

FRI 88.2 

GRA 93 

NEM 84 

GAM 84 


97 3.9 
94 0 
94 0 
90 10 
82 6.8 
81 11.9 
69 9.6 
62 “= 
55 22. 
35 29.4 


applied to all mass signals detected (Li, Na, 
Mg, AI, K, Ca, Ti, Fe, Rb, Zr, Sr, Ba). 


All attempts to find a correlation between 
the incidence of one of these individual ele- 
ments and the cytotoxicity data failed (with 
the exception of Al). With respects to the Al- 
Signal, the correlation between the total inci- 
dence of Al (trace, minor, and major signals) 
and the cytotoxicity was negative but rather 
weak. This result shows that cytotoxicity is 
determined by a combination of such factors 
rather than by a single determinant. 

One must bear in mind that for Al to occur 
in natural quartz samples, various mineralogi- 
cal possibilities exists. It may (1) substi- 
tute to a certain extent for tetracoordinated 
Si in the crystalline lattice of quartz, (2) 
form alumino-silicates, or (3) be indicative of 
an heterogeneous structure consisting of quartz 
and silicates in the same particle. 

These different mineralogical manifesta- 
tions, all characterized by the simultaneous 
occurrence of Si and Al, most probably repre- 
sent largely different determinants with re- 
spect to cytotoxic and fibrogenic activity. 
What that means is that one must search for the 
operational condition in the LAMMA instrument 
that would allow one to distinguish among the 
several manifestations. When the LAMMA instru- 
ment operated at high laser power (near 100% 
transmission) it was usually not possible to 
distinguish between, for example case (2) and 
(3) (i.e., alumino-silicates and mixed parti- 
cles). In both cases Al and Si signals usually 
occurred at roughly the same signal intensity. 
However, with reduced laser intensity (about 
20-30% transmission), such a distinction was 
easily possible. Under these conditions alum- 
ino-silicates showed an Al signal largely ex- 
ceeding the Si signal, whereas in mixed parti- 
cles the Si signal kept its leading position 
but was accompanied by an Al signal of widely 
varied amplitude. 

Thus, the subsequent part of the investiga- 
tion was entirely carried out at reduced laser 
power to maintain this important distinction. 
It was accepted that many of the trace signals 
related to Li, Rb, Zr, Sr, and Ba as seen under 
the high laser power condition could no longer 
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be recorded at the highest possible sensitiv- 
ity. 

In an attempt to reduce the remaining data 
set further (now comprising Si, Al, Na, Mg, K, 
Ca, Ti, Fe) in a meaningful manner, the Al and 
Si signals were evaluated individually, where- 
as all other signals, alone or in combination, 
were denoted by the cluster parameter X. Sig- 
nal intensities of each of these three deter- 
minants were again weighted according to 
"trace," "minor," and 'major" (by the notation 
0, 1, and 10, respectively). The large number 
of possible signal combinations was then re- 
duced to nine different clusters which, ac- 
cording to the weight of the Si signal in 
these clusters, are grouped into three classes 
(Table 2). Typical spectra representative of 
these classes are shown in Fig. 1. According 
to this classification, for example, the ref- 
erence material SUP counting 100% of class Ia 
particles can be distinguihsed from the BRA 
sample with 54% of group Ia particles but 36% 
incidence of the "exotic" group 10.0.1 parti- 
cles (X representing Na). 

A synoptic representation of all incidence 
data as determined according to the above 
scheme for the eight quartz sands is shown in 
Fig. 2. Since the samples are numbered in the 
order of their cytotoxic efficacy (DQ12 is the 
most and GAM the least toxic specimens) a po- 
tential correlation between group incidence 
and cytotoxicity should manifest itself by a 
positive or negative slope of the column 
heights. It is obvious that--with the excep- 
tion of the IIb-group (Si.A1.X = 10.10.1), 
which exhibits a negative slope--there is no 
evident correlation between the incidence of a 
specific particle group and the cytotoxicity 
of the specimen. 

However, each group represents only a rather 
small fraction (10-20%) of the total particle 
population. Thus, it might be justifiable to 
take data compression one step further, e.g., 
by summing up the subclasses in each of the 
three classes as defined in Table 2. This in 
turn means that now the three remaining 
classes merely reflect the ratio of the Si to 
the Al signal. From the histogram alone 
(Fig. 3) it now appears that the incidence of 
Si-dominated particles (class I) correlates 
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FIG. 1.--Typical LAMMS spectra of (a) group 
Si.A1.X = 10.0.0, (b) group Si.A1.X = 10.10.10, 
(c) group Si.Al.X = 1.10.10 of particles. 


positively with cytotoxicity, whereas the ap- 
pearance of Al as major component in the mass 
spectra (class II and ITI) exhibits an inverse 
correlation with the cytotoxic efficacy. Fig- 
ure 4(a) shows the regression between the inci- 
dence of class I particles (Si-dominated parti- 
cles) and the cytotoxicity, with the correla- 
tion coefficient calculated to be ¥ = +0.88; 
whereas Fig. 4(b) shows the regression between 
the incidence of class II particles and the cy- 
totoxicity witha correlation coefficient r= 
-0.82. These correlations now comprise the 
data obtained in all 10 investigated samples 
(eight natural quartz sands, one powdered rock 
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crystal BRA, and one powdered amorphous silica 
glass SUP). 


Diseusston 


The results basically support the idea that 
the cytotoxicity of the investigated samples 
is primarily determined by the incidence of 
quartz. It appears, however, that the quartz 
content as determined by gross analysis (IR 
spectroscopy) is not nearly as good a cytotox- 
ic parameter as is the incidence of Si-domi- 
nated particles (class I particles) as deter- 
mined by LAMMS analysis (Fig. 5). Whereas the 
gross content of quartz correlates with only 
r = +0.61 to cytotoxicity, a much better cor- 
relation coefficient of r = +0.88 has been 
found in this investigation for the incidence 
of “pure'" quartz particles with cytotoxicity 
(see also Fig. 4a). This result alone sup- 
ports the idea that some fraction of the 
quartz may be toxicologically ineffective be- 
cause its free surface is not exposed to the 
biological test system. We suppose that a 
fraction of the quartz is hidden under a sur- 
rounding or covering layer of other mineral 
components (e.g., clay minerals) for which Al 
might be a representative indicator as re- 
vealed by LAMMS analysis. Thus the problem of 
cytotoxicity may focus on the question of the 
free surface quality of such particles, more 
specifically on the question of how much of 
the quartz present in a given sample is ex- 
posed and freely accessible to the biological 
system, In this context, a special attention 
must be paid to the highly cytotoxic DQ12 sam- 
ple which, for a quartz sand, exhibits an un- 
usual high incidence of class Ia particles 
(Fae. 2). 

If that is so, one would expect that the 
characterization of the surface contamination 
by ESCA analysis should give similar re- 
sults, which has been found to be basically 
true. In an investigation performed by 
Kriegseis et al.,°°® the Al signal was record- 
ed to be negatively correlated with cytotoxic- 
ity and in good agreement with the incidence 
of our class II and III particles (Fig. 6). 
From the present investigation one may further 
conclude that one can distinguish two types of 
cytotoxicologically ineffective particles: 

(1) quartz particles bearing only a superfi- 
cial layer of protective material (class IT) 
and (2) particles having only a minor fraction 
of quartz or even none (class III). Both of 
them are representative for a typical endogen 
mixture of quartz whereas exogen-mixed quartz 
particles are revealed by the incidence of 
class I particles. As to the nature of the 
quartz protective materials, one:may suppose 
Al-silicates to play the predominant role as 
shown by elements of cluster X which are typi- 
cal for such minerals. That does not exclude 
the possibility that some of those minerals 
exhibit a cytotoxic effect of their own which, 
however, remains to be established by toxico- 
logical investigations, 
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FIG. 2,--Incidence data of nine groups of Si.A1.X combinations for eight quartz sands ordered in 
sequence of least cytotoxic GAM to most cytotoxic DQ12 sample. 


TABLE 2,--Classes and subclasses of Si.A1.X combinations. 


a b Cc 
Si.Al. X Si.Al. X Si.Al. X 
CLASS I 10. 0. 0 10. 1. 0 10. 1. 1 
CLASS II 10.10. 0 10.10. 1 10.10.10 
CLASS III 1.10. 0 1.10. 1 1.10.10 
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FIG. 3.--Incidence data of three classes of Si.Al.X combinations for eight quartz sands ordered 
in sequence of least cytotoxic GAM to most cytotoxic DQ12 sample. 
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FIG, 4,--Correlation between the cytotoxicity data of ten investigated samples and (a) incidence 
of class I particles (r = +0.88), (b) incidence of class II particles (r = -0.82). 
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FIG. 5.--Correlation between cytotoxicity data FIG. 6.--Comparison of LAMMS-content of Al as 


of ten investigated samples and quartz content determined by incidence of class II and III 

as determined by IR analysis (r = +0.61). particles with Al signal as detected by ESCA 
analysis. 
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IN SITU ANALYSIS OF COMPOUNDS SEPARATED BY THIN-LAYER 
CHROMATOGRAPHY BY LASER MASS SPECTROMETRY 


A. J. Kubis, S. K. Viswanadham, A. G. Sharkey, and D. M. Hercules 


Mass spectrometric characterization of compo- 
nents separated by thin-layer chromatography 
involves extracting the separated components 
from the support followed by mass spectral 
analysis. In situ analysis directly from thin- 
layer chromatography (TLC) plates is desirable 
for faster analysis and to avoid losses during 
sample preparation. Such in situ analysis was 
earlier achieved by use of fast atom bombard- 
ment and secondary ion mass spectral tech- 
niques./»* These methods have a limited spa- 
tial resolution, particularly when a liquid ma- 
trix needs to be added to the surface before 
analysis. 

Laser mass spectrometry (LMS) is ideally 
suited for direct analysis of TLC separated 
components at high sensitivity and with good 
spatial resolution, as the laser can be focused 
to a small spot size (“5 mn). In the present 
communication we report our study of a variety 
of organic compounds of various functionalities 
characterized by LMS directly from TLC plates. 
We further report our results of the TLC-LMS 


Expertmental 


Laser mass spectra were obtained with a 
LAMMA-1000 laser microprobe mass analyzer.? 
All the compounds used were commercially ob- 
tained and were used as received. The TLC 
plates used were polyamide A-1700 backed with 
aluminum (Schleicher and Schuell, Inc.). The 
samples were prepared by dissolving 0.02 grams 
of each compound in 30 ml of chloroform. One 
drop of the solution was then deposited on zinc 
foil or on a TLC plate. Separation of the mix- 
tures was performed by reported procedures. 


Results and Dtseusston 


Sixty organic compounds with different func- 
tionalities were studied by LMS both in the 
positive and negative ion modes. Spectra of 
the pure compounds were obtained from a metal 
substrate and from a TLC plate. All the com- 
pounds showed (M + H)t or Mt in their positive- 
ion spectra and (M - H)~ in their negative-ion 
spectra. Spectra obtained from a TLC plate and 


study of mixtures. 
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from zinc substrate were found to be the same 
both with regard to the observation of molecu- 
lar species and their intensities. However, 
spectra obtained from TLC plates needed 
higher (15-18 pJ) laser energy under focused 
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FIG. 1.--TLC-LMS of PAHs rubrene (m/z 532), 2-methylanthracene (m/z 192), and coronene (m/z 300): 


plot of molecular ion intensity vs distance along TLC plate from original spot. 
Spectra taken at 250um intervals. 
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FIG. 2.--TLC-LMS of purine derivatives 3-methyl adenine (m/z 150), purine (m/z 121), adenine 
(m/z 136), and guanine (m/z 152): plot of molecular ion intensity vs distance along TLC plate 


from original spot. Spectra taken every 500 um. 


conditions, whereas comparable spectra from 
zinc could be obtained with lower (2-4 uJ) en- 
ergy and under defocused conditions (50 um away 
from focus). However, reproducible absolute 
intensities were observed from TLC plates, 
possibly due to homogeneous dispersed sample. 

A mixture of several polycyclic aromatic 
hydrocarbons (PAHs) and purine derivatives were 
separated on polyamide plates in two different 
experiments. The TLC plates were then analyzed 
by LMS with spectra taken at fixed distances 
starting from the original sample spot in the 
direction of solvent front. The total ion cur- 
rent monitored revealed the position of the 
components. The recorded spectra served to 
identify the component at each position. Fig- 
ures 1 and 2 show plots of the intensity of 
molecular species peak vs distance from the 
original spot of the mixture for PAHs and pur- 
ine derivatives, respectively. The Rr values 
calculated from the LMS data correspond well to 
those obtained by conventional methods. LMS 
has the advantage of being able to distinguish 
between tailing of a single compound and over- 
lapping compounds, as can be seen from the sep- 
aration observed for adenine and guanine. 
Greater spatial resolution available in LMS 
analysis should further aid in defining the 
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separation and permit mapping* of the presence 
of any ion or ions in the spectra. 
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CHARACTERIZATION OF GRAPHITE FURNACE PRODUCED AEROSOLS BY 
MICROPROBE MASS SPECTROMETRY 


S. Gliger, L. Van Vaeck, and F. Adams 


Electrothermal atomic absorption spectrometry 
(ETAAS) is one of the most widely used methods 
for trace elemental analysis. Its sensitivity 
is influenced by matrix suppression and en- 
hancement effects, and there is a distinct need 
for information on the processes taking place 
in the graphite furnace during the heating cy- 
cle. Current approaches for study rely on 
spectrometric measurements in the optical path 
during the atomization and on thermodynamic 
considerations, but for a safe interpretation 
these measurements must be backed up by data 
obtained by other techniques. Previous studies 
concerned the direct coupling of the graphite 
furnace with mass spectrometric (gas phase) de- 
tectors and the characterization of graphite 
furnace residues by, for example, differential 
thermal analysis, x-ray diffraction, x-ray 
photon spectroscopy, secondary ion mass spec- 
trometry, and electron probe microanalysis 
(EPMA) . 

In this work we report on the chemical char- 
acterization of the emanating aerosol from the 
graphite furnace during its heating cycle by 
laser microprobe mass spectrometry (LMMS) to 
assist in the interpretation of data obtained 
by time-resolved molecular absorption measure- 
ments of the gas phase within the graphite 
furnace. We investigated the potential of the 
approach for tin chloride in the presence of 
several sulfur-containing salts as a matrix. 


Expertmentat 


ETAAS was performed on a Perkin-Elmer 3030 
with HGA 500 graphite furnace atomizer. The 
temperature was programmed from 100 C during 
$3.S5 600°C (35.8), and 2100:C (5 s),-ta 2000.0 
(1s). Time-resolved signals were calculated 
from peak height measurements. 

The LAMMA 500 was used with a 100MHz LeCroy 
(TR8818-MM8103/8) transient recorder. Parti- 
cles were collected on Formvar-coated grids, 
held at about 5-10 cm above the graphite fur- 
nace during 1 to 30 s, depending on the temper- 
ature. Smoke formation was monitored to de- 
termine suitable sampling periods in order to 
obtain about 300 isolated ca. lum particles. 

Table 1 summarizes the samples studied. Mi- 
croprobe analysis of the particulates required 
the introduction in the furnace of concentrated 
solutions with typically 10 mg/ml of analyte, 
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i.e., higher by least a factor 1000 than norm- 
al working conditions in ETAAS. Atomization 
in such conditions may be considerably dif- 
ferent from the usual analytical situation.? 


Results and Discusston 


High power densities as currently applied 
for inorganic analysis provided complex spec- 
tra with insufficient specificity. Hence, the 
threshold protocol for organic compounds? was 
followed as it appeared that the spectra ob- 
tained were simple and directly related to the 
chemical composition of the particles. 

Reference spectra were recorded from pure 
products in order to attempt a distinction of 
the individual particles analyzed on the form- 
var grids. It appeared that no diagnostic 
difference was possible in the spectra between 
SnO and Sn0,; we denote in what follows the 
oxide species that could be identified by 
SnOx. Tin chloride could be easily characterized 
by the SnC1,°Cl- anions. Also the SnOx- ion 
yield was high and hence the negative ion de- 
tection mode became the most suitable to 
monitor the corresponding mixtures. The iden- 
tification of SnSO, in the possible presence 
of the likely decomposition products, namely 
SnOx, was problematic. A combination of posi- 
tive and negative mass spectra should be re- 
quired, but such identification would be hard- 
ly reliable for heterogeneous samples, since 
different microvolumes would be involved. 

Figure 1 shows typical negative spectra of 
SnCl, and SnOx particles in the graphite fur- 
nace aerosol. The formation of SnOx during 
the atomization of SnCl, in the presence of 
NH,OH, which is described in the literature, 
could not be confirmed by LMMS. 

Reference spectra of sulfur-containing 
salts (ranging from Na,S to Naz2SOx to Na2S207) 
yielded largely comparable negative ion spec- 
tra. The subtle differences in relative abun- 
dance of ions at (for example) m/z 32 and 48 
vs m/z 64 and 80 had no diagnostic value for 
mixture analysis. In the positive mode, dif- 
ferentiation was hindered by the predominance 
of the Nat and Na,0+ signals, which readily 
overloaded the detector, and a number of 
salts (e.g., Na2SO,. NaHSO,, and Na2S207) be- 
came indistinguishable. In contrast, Na,S was 
readily characterized by the abundant Na2S-+Nat 
ions at m/z 101. Also, NazS205 and Na,S0O, 
yielded clearly recognizable spectra with in- 
tense peaks at m/z 149 and 165 due to 
Na,SO,*Na* and Na2SO,+*Na*. Finally, LMMS re- 
sults for pure Na,S,0, appeared as a superpo- 
sition of Na,S and Na2SO,. Consequently, spe- 
ciation capabilities became reduced for mix- 
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FIG, 1.--LMMS results for graphite furnace pro- 
duced aerosol from SnC1, solution (top) and 
Sn0O, suspension (bottom). 


tures. For instance, a combination of Na,S and 
Na2SO, could also easily be confounded with 
Na25S205. 

Despite the apparent shortcomings in poten- 
tial of discrimination, we could obtain data 
that were of considerable use in helping to 
elucidate the processes going on in the furnace 
during the heating cycle. 

Figures 2 and 3 show two characteristic ex- 
amples of data obtained. When Na2SO, is in- 
jected in the graphite furnace, mass spectra of 
the aerosol point to a mixture of (pyro)sulfate 
or sulfite with some amount of sulfide. 

Hence, graphite furnace heating yields a par- 
tial reduction of the sulfate. When Na,S was 
injected, particles of three types were encoun- 
tered: the unmodified salt, a mixture of 
(pyro) sulfate and sulfite with or without 
sulfides (Fig. 3). 
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FIG. 3.--LMMS results for aerosol from NaS. 


Time-resolved background absorption of the 
type shown in Fig. 4, obtained for SnCl2, were 
measured during the heating cycle. The absorp- 
tion spectrum obtained at 800 C between 3 and 
5 s after the start of the cycle shows a prom- 
inent signal between 300 and 350 nm, which can 
be associated with SnCl, from the LMMS measure- 
ments. Later in the heating cycle during the 
first second at 2100 C, absorption becomes re- 
lated to atomic tin. 

A summary of the species identified with 
LMMS and molecular absorption are given in 
Table 1. Supporting evidence obtained by EPMA 
of particles on the graphite furnace is also 
shown. The background absorption measurements 
and those obtained with LMMS do not always 
agree in detail. Despite apparent shortcom- 
ings, it can be concluded from this method- 
ological study that the speciation capabili- 
ties of LMMS may support assignments of molec- 
ular absorption bands. A full report of the 
results of this study will be published else- 
where. * 
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FIG, 4.--Time-resolved absorption spectra for SnCl, during (a) ashing and (b-d) atomization step. 
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MICROANALYTICAL CHARACTERIZATION OF PREBIOLOGICAL COMPONENTS IN INTERPLANETARY DUST 


Filippo Radicati di Brozolo, G. P. Meeker, and R. H. Fleming 


The elemental, isotopic, textural, and molecu- 
lar analysis of interplanetary dust particles 
(IDP) presents a unique opportunity for the 
study of the origin of prebiological organic 
molecules in the early solar system and perhaps 
even in the interstellar medium. Programs are 
now under way to obtain IDP from low earth or- 
bits and from comet rendezvous missions. The 
analysis of these pristine materials requires a 
new level of sophistication in sample handling, 
preparation, and analysis. We report prelimi- 
nary results in our development of new micro- 
analytical characterization techniques for the 
study of prebiological species in pristine in- 
terplanetary dust. 


Experimental 


Particle Embedding. Conventional microtomy 
procedures involve embedding of samples in or- 
ganic media. Such media are not suitable for 
the study of carbon-rich IDP. We have devel- 
oped a procedure to embed small particles in a 
nonorganic medium for the preparation of micro- 
tome cross sections. The particles are gold 
coated, embedded in indium, and heated to be- 
tween 150 and 200 C to form an indium-gold al- 
loy. Cross sections of a small Murchison me- 
teorite matrix particle have been obtained 
which show the particle to be totally surround- 
ed by AuIn, (Fig. 1). This technique was de- 
veloped under Class 100 clean-room conditions 
and can be applied without modifications to 
IDPs 


lsotopte Images. We have developed a method 
for acquiring quantitative isotope ratio images 
of cross sections of IDP. Hydrogen and deuter- 
jum ion images were acquired with a CAMECA IMS- 
4f ion microanalyzer in raster imaging mode 
with a Cst+ primary ion beam. Images of hydro- 
gen and deuterium were alternately acquired and 
summed to reduce effects of varying ion inten- 
sity. The summed deuterium and hydrogen images 
are shown as Figs 2(a) and (b), respectively. 
Detector dead-time corrections were made on a 
pixel-by-pixel basis. The hydrogen-to-deuter- 
ium ratio of the epoxy embedding medium serves 
as the isotope ratio standard in this example. 
Isotope ratios are shown in Fig. 2(c) as posi- 
tive deviations (expressed as parts per mil) 
from the expected values. A nine-by-nine con- 
volution improves the signal-to-noise ratio of 
the images by a factor of nine. This convolu- 
tion has little effect on the image lateral 
resolution, which is determined by the primary 


The authors are with Charles Evans § Associ- 
ates, 301 Chesapeake Drive, Redwood City, CA 
94063. Supported by NASA SBIR contract 
NAS2-12818, 


370 


INDIUM 


MURCHISO 
De C Wt 


FIG. 1.--Murchison meteorite particle sur- 
rounded by AuIn,. 


ion beam diameter in this analytical mode. 
Figure 2(d) shows the variation in the deuter- 
ium excess along the line shown in Fig. 2(c). 
Improvements in mass spectrometer vacuum are 
under way to reduce signals from residual hy- 
drogen 

The deuterium anomalies detected with this 
technique provide clear evidence for the ex- 
traterrestrial origin of the IDP.+ This is 
the first example of a direct in situ measure- 
ment of inhomogeneous deuterium excess on 4 
micrometer scale. 


Organte Microanalysts. Organic microanaly- 
tical techniques are critically needed for an 
understanding of the evolution of organic spe- 
cies in the primitive environment(s) sampled 
by the IDP. Organic microanalytical tech- 
niques available at present lack the lateral 
resolution or the survey capability needed for 
the analysis of IDP. We have performed a sys- 
tematic study of laser desorption and ioniza- 
tion of selected model organic compounds, as 
well as of fragments of the Murchison meteo- 
rite. These analyses were performed by use of 
both single and double laser configurations of 
the Cambridge Mass Spectrometry LIMA 2A in- 
strument. 

The model compounds selected for this study 
included tryptophan and proline (aminoacids), 
urea, glutaric acid, perylene, tetraphenylpor- 
phine, bisphenol-A (4,4'-isopropylidenedi- 
phenol), a sample of HCN polymer [hereafter 
indicated as (HCN),], as well as a matrix 
sample of the CM meteorite Murchison. Except 
for the last two, all samples were prepared by 
dispersing a few milliliters of a dilute solu- 
tion (0.01 M) onto a clean Si substrate. 

Some of the samples were also dispersed on 
metallic substrates, such as high-purity Ag or 
In. The Murchison and (HCN), samples were 
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prepared by pressing a few micrograms of the 
solid into an In substrate, 

The laser microprobe was operated in two 
modes, the conventional laser ablation only 
(LAO) mode and the post-ablation ionization 
(PAI) mode.* In the first mode, the Nd:YAG la- 
ser pulse (t 10 ns, wavelength = 1064 nm or 
266 nm) directly produces ionized molecular or 
fragment species from the sample surface. In 
the second analytical mode, two Nd:YAG lasers 
are employed. The first laser pulse ablates 
neutral and ionized species from the sample 
surface, The second, frequency quadrupled 
Nd:YAG laser pulse is fired after a variable 
delay into the cloud of vaporized neutrals and 
produces ions via a multiphoton ionization 
process. The peak post-ionization signal in- 
tensities occurred at long delay times between 
the firing of the two laser pulses, which sug- 
gest that the neutral species were elected from 
the sample surface at thermal or quasithermal 
velocities. Figure 3 shows representative mass 
spectra acquired in this study. Successful 
identification of molecular or structurally 
significant ions is achieved for some of the 
species analyzed. The PAI spectrum of perylene 
on Ag in Fig. 3 obtained at an ablation wave- 
length of 1064 nm is particularly interesting 
because it exhibits minimal fragmentation com- 
pared to the other analysis conditions. This 
observation suggests that the 1064 nm ablation 
wavelength primarily desorbs intact perylene 
molecules, The relatively long delay time be- 
tween the firing of the ablating and ionizing 
lasers (2.4 us and beyond) indicates that these 
neutral molecules have thermal velocities, con- 
sistent with thermal desorption mechanisms. 


Conetlustons 


We have been successful in the embedding of 
small particles in a metallic medium. ° These 
samples can be used for analysis by several mi- 
croprobe techniques (SIMS, LIMS, EPMA, AES, 
and SEM). Further experiments are under way to 
prepare thin sections that can be used for TEM 
analysis. 

The development of a SIMS techniques to ob- 
tain digital isotope ratio images has produced 
the first quantitative measurement of inhomo-~ 
geneous deuterium excesses in IDP on a microm- 
eter scale. This technique provides the first 
opportunity for in situ correlation of deuter- 
ium excesses with host phase mineralogy in IDP. 

Significant progress has been made in the 
development of laser microprobe techniques that 
will provide a means of desorbing and ionizing 
intact molecular species from the carbon-rich 
portions of IDP. 
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LASER MICROPROBE STUDIES OF NEUROPEPTIDES 


P. F. Good, J. S. Roboz and D. P. Perl 


The laser microprobe mass analyzer has been 
used primarily for probing microvolumes of tis- 
sue sections for their trace-element content. 
The instrument not only lends itself most read- 
ily to the function of elemental analysis, but 
its mass spectrometric capabilities are equally 
valuable. Organic molecules when probed in a 
pure form by LAMMA-500 yield highly reproduc- 
ible mass spectral patterns, and the possibil- 
ity of identifying organic molecules in situ by 
their mass spectral pattern is a concept that 
deserves intensive investigation. As an exper- 
imental model, we have turned our efforts to 
the identification of the two posterior pitui- 
tary neuropeptides oxytocin and vasopressin. 


Methods 


To establish the ability of the LAMMA-500 to 
identify the peptides, pure oxytocin (free base 
formula weight 1007) and arginine vasopressin 
(free base formular weight 1084) prepared as 
the acetate salts were obtained from Sigma 
Chemical Co. Crystals of these compounds were 
placed on copper formvar-coated grids and in~ 
serted on the analytical stage of the LAMMA- 
500 (Leybold-Heraeus, Cologne, Germany). Mass 
spectra were produced by the laser focused 
through a 100x quartz lens at 20-40yJ output 
energy. lonic signals were digitized and col- 
lected to obtain all masses from 1] through 1300 
atomic mass units. 


Results 


Figure 1 is a representative mass spectrum 
of atomic masses from 350 to 1300 derived from 
the oxytocin sample. The spectrum demonstrates 
prominent peaks at atomic masses 1030 and 1046. 
These masses correspond to the full molecular 
ion plus sodium and the full molecular ion plus 
potassium, Figure 2 is a mass spectrum of 
atomic masses from 350 to 1300 derived from the 
arginine-vasopressin sample. This spectrum 
demonstrates the molecular ion of vasopressin 
with a sodium adduct at atomic mass 1107 and 
the molecular ion with a potassium adduct at 
atomic mass 1123. These peaks are highly re- 
producible and do not show any high-molecular- 
weight breakdown products when produced by the 
lower range of laser energy. 


The authors are at the Neuropathology Divi- 
sion, Mount Sinai Medical Center, 1 Gustave L. 
Levy Place, New York, NY 10029-6574. 


Dtseusston 


We have now made an initial demonstration 
of mass spectra specific to the two posterior 
pituitary peptides. These peptides are found 
in secretory vesicles in combination with a 
high-molecular-weight peptide, neurophysin, 
in the posterior pituitary neurosecretory 
neurons. These two peptides are highly simi- 
lar: they are nonapeptides with disulfide 
bonds between cysteines at position one and 
six, and differ only by two amino acids at 
position three and eight. Thus the differen- 
tiation of the two peptides by mass spectros- 
copy is a significant step toward identifying 
these neuropeptides in situ. Further demon- 
strations of the possibility of identifying 
oxytocin and vasopressin in situ will require 
the differentiation of two peptides mixed to- 
gether and the ability to identify a peptide 
in the embedment matrix of an epoxy resin 
used to allow the routine secitoning of his- 
tological material for LAMMA analysis. These 
studies are currently under way. 
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8 
Computer-aided Microanalysis and Imaging 


THE PROBLEM OF VISIBILITY IN NOISY IMAGES 


D. S. Bright, E. B. Steel, and D. E. Newbury 


A general problem in microscopy is the recogni- 
tion of low-contrast features in an image in 
the presence of noise. This situation is often 
encountered in scanning electron microscopy, 
where the threshold of visibility is one of the 
most important yet least appreciated con- 
cepts.'°* In many practical applications, the 
microscopist is confronted with the problem of 
viewing objects that produce low values of con- 
trast, which pleaces the objects near the visi- 
bility threshold. An excellent example of such 
a Situation is the imaging of asbestos fibers, 
which, because of their small dimensions, do 
not scatter beam electrons efficiently.*?* 

The mathematical description of the visibil- 
ity criterion for scanning electron microscopy 
is given by the threshold current equation? 


4 x 107+? 
Sh ete (1) 
eC ty 
The threshold current ith is the amount of 
beam current that must be supplied to detect a 
specific level of contrast C arising because 
of the electron/specimen interaction, in an im- 
age of 10° picture elements (pixels) recorded 
in a frame time tg. The term © combines the 
efficiencies of signal generation, collection, 
and detection. 

The starting point for the derivation of the 
threshold equation® is the Rose criterion for 
the signal-to-noise necessary for small objects 
to be visible in the presence of noise, which 
is given in terms of the threshold contrast Crp 
by 


len 


AS . kv¥n 
“Hh Ss 7 (2) 
where the signal S is related to the number of 
signal carriers n. Rose stated that, based on 
experiments with television displays, k "ap- 
pears to be greater than unity and probably is 
in the neighborhood of 5." This value of k = 5, 
though not arbitrary, is subject to a number 
of limitations. In determining the value of 
k, Rose's experiments only examined a single 
class of objects (circles), treated only nega- 
tive objects (black objects on a gray back- 
ground), used images that had an obvious symn- 
metry and aided the viewer in locating the ap- 
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parent position of test objects, and defined 
the visibility limit for small objects that 
were approximately 1% of the width of the in- 
age. The Rose criterion is thus an appro- 
priate choice only for predicting the visibil- 
ity of fine-scale features in images. Many 
SEM imaging situations involve objects with 
shapes that differ radically from the condi- 
tions under which the criterion k = 5 was de- 
termined. In particular, when linear features 
such as the edges of objects or fibers are ex- 
amined, and they extend across a significant 
fraction of the image field, the effect of 

the contiguity of the pixels is to create a 
redundancy in the image that renders the fea- 
ture more readily visible to an observer. In 
this paper, we have used a series of computer- 
generated images of fibers to determine an ap- 
propriate visibility criterion for fiber-like 
objects. 


Experimental Procedures 


The test images were constructed with the 
LISPIX image processing software described 
in a previous paper.” The digital images con- 
sisted of a random number, selected in the 
range 0 to 25, of randomly oriented and ran- 
domly placed fibers. The fiber dimensions 
were selected from three size classes, whose 
characteristics are listed in Table 1. The 
digital images, with a resolution of 512 x 
512 pixels, were constructed from a two-gray- 
level image consisting of (1) the fiber gray 
level F and (2) a background gray level B. 
For a particular image, F and B were constant. 
The contrast C of the fibers in each image was 
given by 


C = (F ~ B)/F (3) 


To simulate real images, each pixel in a par- 
ticular image that had either B or F as its 
gray level, was given a new gray level by ap- 
plication of a random Poisson deviate, the 
mean of the population of which was either B 
or F, as appropriate. For example, for F = 
100, B = 90, and C = 0.1, the pixels within 
all the fibers had a variance of 100, as de- 
fined by a Poisson distribution, whereas all 
background pixels had a variance of 90. This 
criterion was chosen on the basis of measure- 
ments on real SEM, STEM, and TEM images of as- 
bestos fibers, which revealed intensity dis- 
tributions of background noise that were in- 
distinguishable from such Poisson distribu- 
tions. Examples of typical fiber images for 
C = 0.2 and C = 0.05 are shown in Fig. 1. 

The overall goal of this study was to exam- 
ine the effects of noise level, object con- 
trast, and object morphology on visibility. A 
series of images covering a wide range of var- 
iance was first examined. A variance level of 
100 was chosen for initial experiments because 
visibility ranged from zero to unity for the 
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TABLE 1, 


Type Length (pixels) Width (pixels) 
Short 15-40 1 
Long-narrow 41-256 Z 
Long-wide 41-256 2-9 


contrast range of interest, 0.01 to 0.2. This 
variance is similar to that observed in many 
live-time SEM images.* An additional experi- 
ment was performed on a single test image with 
a variance of 10 000 to explore the effect of 
signal-to-noise level. 

The measurement procedure consisted of re- 
quiring 20 observers to identify the location 
of fibers in each of 18 images. Observers were 
classified according to previous microscopy 
experience: (1) verified asbestos counters,’ 
(2) microscopists, and (3) nonmicroscopists. 
The digital images were displayed on a video 
monitor that provided an image edge dimension 
of 25 cm. Fiber positions were marked with a 
cursor. Scoring was perfomred automatically 
by means of a LISPIX program, which compared 
true fiber location with the observer's indi- 
cated location; a hit was allowed if the marked 
location was within 1% of the field width (6 
pixels) of any pixel on the fiber. Hits, 
misses, and false hits were recorded. 


Results and Discusston 


The overall performance of the observers is 
summarized in Fig. 2, which is a box plot of 
the fraction of fibers found in each image as a 
function of contrast. The bottom, middle, and 
top horizontal lines in each box depict the 
25th, 50th, and 75th percentiles, and the ex- 
tensions show the 10th and 90th percentiles; 
circles depict individual data points (i.e., 
one observer's score for one image) that fall 
outside these limits. It can be seen in Fig. 2 
that the 50th percentile for all observers only 
approached unity (i.e., all fibers found) at 
the highest contrast tested, C = 0.2. For 
reference, the Rose criterion for this noise 
level (/n = 10, AS = k/n = 50) suggests that 
Cth > 0.5 for visibility of small objects with 
dimensions of 1% of the field width. Thus, 
this experiment suggests an apparent k lower 
than that of the Rose criterion for the class 
of objects used in this study, which ranged in 
size from 3% to 50% of the field width. The 
results in Fig. 2 clearly demonstrate how dra- 
matically the visibility decreases with the 
contrast at this noise level. For a contrast 
of C = 0.1, the 50th percentile score fell to a 
level of only 0.4; i.e., in half of the observ- 
er-image cases tested, the observers missed 
more than 60% of the fibers. Moreover, for C = 
0.1, no observer ever found more than 65% of 
the fibers. 

In Fig. 3, the results are plotted for short 
fibers, which more closely approach the small 
objects of the Rose criterion. Short fibers 


FIG, 1.--Examples of computer-generated fiber 
images for (a) C = 0.05, (b) C = 0.2. Same 
field of fibers is depicted in both images. 


are obviously much more difficult to recognize. 
Even at a contrast of C = 0.2, the results for 
short fibers span the range from complete 
failure to complete success in locating ob- 
jects. For these randomly distributed and 
oriented short fibers, the visibility thresh- 
old is clearly tending to higher values of k. 
To locate the visibility threshold adequately, 
higher values of contrast will have to be in- 
vestigated for short fibers. 

When the signal level is increased and the 
relative noise level decreases, the visibility 
is altered. In Fig. 4, results for images of 
fibers with C = 0.05 and a variance of 100 
(i.e., a signal of 100 and a noise level of Yn 
= 10, which gives Cy, > 0.5) and a variance 
of 10 000 (S = 10 000 and Yn = 100, which 
gives Cty > 0.05) are compared. The observers 
were highly successful in detecting fibers in 
the high S/N image, which again confirms a 
relaxation of the Rose criterion. 

The question of false hits is addressed in 
Fig. 5, It is surprising that the number of 
false hits is approximately constant regard- 
less of the contrast of the fibers in the im- 
age. The number of false hits apparently de- 
pends only on the background noise, and the 
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FIG. 2.--Box plot of fraction of all fibers detected in image by observer, taken over complete 
set of observers, as function of contrast (constant axis is plotted by category rather than 


linearly). 


image data points 
FIG, 3.--Box plot 
set of observers, 
FIG, 4,--Box plot 
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that lie outside this range. 


as function of contrast. 


perienced microscopists; (c) nonmicroscopists. 


presence of real objects in an image has little 
effect on the detection of false hits. The 
only exception to this result was at very low 
contrast, where the experienced microscopists/ 
asbestos counters found no false hits at the 
lowest contrast (Fig. 5b), whereas the inexper- 
ineced observers found a small number (Fig. 
5c). As soon as objects were visible in the 
field of view, the experienced microscopist be- 
gan to detect false hits. 


Bottom, middle, and top horizontal lines of box plot represent the 25th, 50th, and 
75th percentiles; extensions are 10th and 90th percentiles. 


Circles are individual observer- 


of fraction of short fibers detected in image by observer, taken over complete 


of fraction of all fibers detected images with C = 0.05 by observer, taken 
of observers, as function of variance of signal (variance = 
FIG. 5.--Detection of false hits as function of contrast: 


mean). 
data for (a) all observers; (b) ex- 


Conelustons 


The results of this preliminary study 
clearly reveal the relaxation of the Rose cri- 
terion that occurs when linear features such 
as fibers are viewed near the threshold of 
visibility. The results suggest that in order 
to derive an expression for the visibility fac- 
tor k as a function of fiber length, a more 
complete examination of both contrast and sig- 
nal-to-noise ratio will be necessary. The 


So 


spread in results observed for the set of ob- 
servers tested reveals differences in both vis- 
ual acuity and in individual interpretation 
which inevitably is encountered in the real 
world. A robust definition of k will have to 
include a reasonable statistical criterion for 
success. In addition, object size, shape, 
orientation, and signal character (i.e., posi- 
tive or negative relative to background) must 
be studied, The eventual product of this 
study will be to develop standards for image 
quality which will be applicable to a wide 
range of imaging problems, both in microscopy 
and related areas of interest. 
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TECHNIQUES FOR 3-D IMAGE PRESENTATION FROM CONFOCAL SCANNING MICROSCOPY 


J. J. McCarthy, J. S. Walker, and C. E. Dillon 


The development of specialized hardware and 
software for three-dimensional (3-D) presenta- 
tion of data has progressed rapidly over the 
past few years. These advances have been 
spurred by the availability of faster and much 
cheaper graphics processors, cheaper memory, 
and lower-cost high-resolution displays. Most 
of the attention of developers has focused on 
the problems presented by the two largest ap- 
plications for this technology, computer-aided 
design (CAD) and medical imaging. As the cost 
of this technology continues to diminish, its 
application to presentation of image data in 
microscopy is becoming more common. Adoption 
of these methods by microscopists has been 
hindered by the difficulty of image segmenta~ 
tion. Segmentation refers to the process of 
extracting data specific to the objects of in- 
terest from the images of the object. Since 
microscopy often produces noisy, low-contrast 
images, accurate segmentation is a key problem. 
Confocal scanning optical microscopy (CSOM) 
vastly simplifies the process of acquiring and 
segmenting 3-D data from a suitable specimen. 
It does so because a CSOM permits optical rath- 
er than physical sectioning of the sample. 

This simplification has led to the rapid devel- 
opment of techniques for presenting 3-D CSOM 
data. This paper reviews the fundamentals of 
3-D image presentations and discusses their ap- 
plication to CSOM data. A brief description of 
the principles of CSOM is also presented. The 
techniques for presentation of 3-D images de- 
scribed here can also be applied to the pro- 
cessing of serial section data from TEM studies 
and stereo pairs obtained by SEM. 


Fundamentals of 3-D Presentations 


The basic assumption behind any 3-D presen- 
tation is that a computer model of the ob- 
ject(s) of interest can be constructed from the 
original raw data. The computer model is then 
used to calculate and draw any 2-D projection 
of the object selected by the viewer. The 
first step in model building is the collection 
of data. Data for the model may be collected 
in many ways, including manual input of coordi- 
nates, contour tracings from a series of photo- 
graphic or digital images, or by automatic pro- 
cessing of digital images. The second step in 
model building is segmentation of the data to 
define only the objects of interest. Accurate 
segmentation is often the most difficult prob- 
lem to be solved in preparing a realistic model 
of the object. It is at this point that gross 
errors can occur, following the cliché "garbage 
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in, garbage out." Once the computer model is 
constructed from the segmented data it can be 
used to calculate any desired 2-D projection 
of the object, which can be viewed on the com- 
puter display. Two basic approaches have been 
used to construct computer models: the 

vector model and the voxel model. 


The Veetor Model. The most commonly used 
approach is the vector or “wire-frame'' model. 
In this model, surfaces are first depicted by 
drawing contours of object perimeters at num- 
erous section planes, which looks much like a 
model composed of bent wire. The basic as- 
sumption of the wire-frame approach is that 
the surfaces of the object are "known" or at 
least well behaved so that the space between 
the wires can be defined as simple surfaces. 
These surfaces are then represented by a col- 
lection of polygons, rendered by the graphics 
system, which uses a selected viewpoint and 
includes shading due to light sources, per- 
spective corrections, and depth perception. 
The vector-model approach has been widely used 
in CAD and is the approach used in most off- 
the-shelf graphics systems. 

The wires of the wire frame model must be 
derived from knowledge of the object to be 
modeled. In the simplest case, vectors are 
generated from sets of coordinates that are 
manually input in the proper sequence. The 
coordinates can be determined from measure- 
ments on the actual object or from a reproduc- 
tion of the object. The vectors have no in- 
tensity information about the object, and may 
be thought of as the contour formed by the in- 
tersection of the object surface with a plane. 
An example of such a process is the tracing of 
contours from a set micrographs of serial sec- 
tions from a TEM study. In TEM, the segmenta- 
tion of structures in each section is often 
done manually, but additional processing may 
be required to register structures from sec- 
tion to section due to distortion from sec- 
tioning and other artifacts. 

The advantage of the vector model is that 
it requires a small amount of data compared to 
that needed to represent all of the actual 
object. This reduced data set is a key to 
generating realistic 2-D views quickly enough 
to allow interactive (1 to 2 s per view) dis- 
play of the object. The sophistication of the 
rendering algorithms and the hardware employed 
affects the system cost and the speed and 
quality of the final presentation. Typical 
midrange cost ($15,000 to 25,000) systems can 
produce 2000 to 5000 shaded polygons/s. The 
major disadvantage of the vector model for mi- 
croscopy data lies in the assumption that the 
surface between wires is known. In many cases, 
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especially biological specimens, this assump- 
tion is not justified. However, in the case of 
reflective surfaces measured in CSOM the as- 
sumption of a known surface can often be used. 
In those cases, the vector model provides ex- 
cellent presentations. 


The Voxel Model. The second approach to 
model building is the voxel image. In this 
model, no assumption about the behavior of the 
surface of the object is made. The computer 
model of the object is actually a large data- 
base that contains all the image data obtained 
from the specimen. Each individual cell of 
this database has an intensity value (commonly 
8 bits) and is denoted a voxel. Whenever a 
new view must be presented, each voxel of the 
entire database is processed to provide the 
desired 2-1 projection. 

The advantage of voxel models is the lack of 
assumptions about the surfaces of the objects 
being represented, and the ability to visualize 
all internal structures as recorded, not just 
as rendered surfaces. This feature is particu- 
larly important in the case of noisy data or 
complex images where several objects of inter- 
est are present with nearly the same gray lev- 
els in each object. Such noisy, complex images 
are common in microscopy and make reliable seg- 
mentation quite difficult. However, when such 
data are rendered as a voxel presentation, the 
human eye and brain can readily segment and 
interpret the 3-D structures of the object. 
With proper manipulation tools the observer can 
select objects from the voxel image for further 
processing. The major disadvantage of the 
voxel model is the large number of calculations 
that must be performed for each new presenta- 
tion, which has limited the use of voxel pres- 
entations to fairly expensive computing plat- 
forms in order to approach an interactive dis- 
play. 


Rendering Methods, After an object of in- 
terest has been identified in either a vector 
or voxel model, its surface may be rendered as 
a 2-D projection. The following steps are fol- 
lowed by most rendering procedures: 


1. Each surface of the object is subdivided 
into a number of polygons using some procedure. 

2. A reference point is chosen for the view 
desired; then each surface is transformed rela- 
tive to this reference. 

3. Depth effects are represented by perspec- 
tive foreshortening. 

4, Hidden surfaces are not displayed. 

5. Light sources are reflected on the sur- 
faces possibly with variable shading and shad- 
owing. Depth may be further represented with 
subdued shading. 

6. Jagged edges are smoothed by an anti- 
aliasing procedure. 


A great deal of work has gone into the de- 
velopment of techniques to accomplish the tasks 
listed above. Several of the more common tech- 
niques are described in the following para- 
graphs and several are illustrated in the ex- 
amples 
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Polygon Shading. Computer models of sur- 
faces are rendered as polygons on the display 
screen. The simplest approach is to divide 
the surface into polygons in which all pixels 
have the same intensity. This approach is 
called flat shading. To achieve a more rea- 
listic view, the polygons must be shaded to 
account for the intensity of the light source 
and the angle between the source and the sur- 
face. The two most commonly used shading al- 
gorithms are those of Gouraud* and Phong.” 
Both methods use interpolation techniques to 
show the effects of shaded intensities in ad- 
jacent polygons on the intensity of each pixel 
in the polygon being rendered. In Gouraud 
shading, the intensities of interior pixels 
are interpolated from the intensities found at 
the adjoining vertices. The intensity at each 
vertex is proportional to the dot product be- 
tween the unit vector from the surface and the 
incident light. The effect is to produce a 
very smooth gradation from one surface to an- 
other. Figure 1 illustrates the improved rea- 
lism due to Gouraud shading. The surface is a 
sine function rendered as a wire-frame, flat 
and Gouraud shaded model. 

Phong shading interpolates the angle of the 
unit vector from the surface for each interior 
pixel. This method requires that each of 
these pixels has a more complex intensity cal- 
culation than in Gouraud shading. This method 
provides superior shading in cases where both 
diffuse (scattered) and specular (direct) re- 
flection must be calculated. The higher real- 
ism of the Phong method comes at the price of 
increased computing time, about five times 
slower than the Gouraud method. 

From the viewer's standpoint, some objects 
seem to be more realistically rendered by one 
method than the other. The shading result var- 
ies depending on the type of object, the curva- 
ture of the surface, the observer's viewpoint, 
and the direction of illumination. Both meth- 
ods can, in special cases, produce an optical 
illusion known as Mach bands. A Mach band is 
a light or dark band that appears at the junc- 
ture of a group of polygons. 


Z Buffering. The Z-buffering technique is 
primarily devised for the purpose of hidden 
surface removal. The basic method is to calcu- 
late the depth of each pixel as part of the 
other processes of rendering and transfer a 
pixel to the display only if it covers a pre- 
viously displayed pixel. Z-buffering algo- 
rithms can be implemented in software or hard- 
ware, but in either case the technique 
requires more memory in order to store the 
additional information about pixel depth. 

The Z-buffer data can also be used to increase 
the realism in the rendered image greatly by 
including depth cueing and transparency 
effects. Each of these features requires .res 
further manipulation of the pixels after the 
initial shading and depth sorting has been per- 
formed. Depth cueing produces a modification 
to the color or intensity of a pixel based on 
its z position and shade gradient. Transpar- 
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FIG. 1.--Comparison of renderings of sine 
function: (a) wire grid, (b) flat shaded, 
(c) Gouraud shaded, 


ency is the ability to look at an object 
"through" another structure that is closer to 
the viewer. A pixel in front of another which 
is part of a polygon with a "transparency in- 
dex"' that is nonzero can be looked through for 
a view of other features that would normally 
be hidden. These features can be very powerful 
when one is viewing complex objects, and apply 
equally well to voxel data and vector models. 


Prinetples of CSOMs 


The basic principles of confocal scanning 
optical microscopy were first described in a 
patent application by Minsky* and subsequently 
by various authors.”~’ These concepts will be 
briefly summarized here to provide a context in 


which to discuss the collection and presenta- 
tion of example 3-D images. 

Many of the specimens viewed in reflected 
light in the optical microscope are either 
translucent or have no flat surfaces. As a 
a result, even though the specimen is illumi- 
nated very brightly at the focal plane of the 
objective lens, the image contrast is reduced 
by the light scattered from other surfaces 
within the specimen. The resulting loss of im- 
age detail and poor contrast is particularly 
evident with unstained live tissue or fluores- 
cent specimens. 

This problem is eliminated by use of the 
principles of confocal scanning. If an aper- 
ture is placed in the illuminating beam so 
that it is imaged in the focused-on plane, and 
a conjugate aperture is placed in the imaging 
system before the detector, the scattered, re- 
flected, or fluorescent light from out-of- 
focus planes is strongly suppressed in the fi- 
nal image. This optical layout and the confo- 
cal effect is illustrated in Fig. 2. Combin- 
ing this principle with any means to scan the 
specimen in a point-by-point fashion produces 
a high-resolution, high-contrast image of the 
thin focused-on layer. By whatever means the 
scanning is done, the goal is to eliminate 
scattered, reflected, or fluorescent light 
from out-of-focus planes. An example of the 
confocal effect is illustrated in Fig. 3. 
Figure 3(a) is a photomicrograph of wood fi- 
bers in a conventional reflected light micro- 
scope, Fig. 3(b) is a similar field in a con- 
focal microscope (tandem scanning microscope). 
The difference is quite dramatic, and in prac- 
tical terms the reduced depth of field is the 
principal benefit of confocal imaging. It is 
this property that allows collection of image 
data than can readily be used to examine the 
three dimensional structure of the specimen. 
An additional benefit is improved lateral res- 
olution which (in theory) may be as much as 
1.4 times better than in a conventional mi- 
croscope.° This property is being exploited 
in the area of critical dimension measurements 
of microstructures. 


Cotleetion and 3-D Presentation of CSOM 
Data. The images presented in the following 
examples were collected using a Tracor North- 
ern tandem scanning microscope (TSM) con- 
trolled by a TN-8502 image processing system. 
The TSM is a confocal microscope that uses 
normal illumination sources and is capable of 
higher than video-rate frame speeds. A more 
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FIG. 2.--Schematic ray diagram of confocal 
Optses:. 
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FIG. 5.--Processed images of Purkinje 
cells from cortex of hamster: (a) depth- 
coded Zmap image, (b) rendered version of 
same image (total depth of field is about 
25 um). 
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general it appears that vector-model rendering 
may be more appropriate in the study of highly 
reflective surfaces, and the voxel model is 
the best suited for viewing complex objects 
present in a collection of fairly noisy inm- 
ages. The latter case is typical of many 
studies in microscopy. 

For this reason, we can expect additional 
methods of visualization of voxel data to be 
developed specifically for the needs of the 
microscopist. 
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VECTOR IMAGING OF MAGNETIC MICROSTRUCTURE 


M. H. Kelley, John Unguris, M. R. Scheinfein, 
D. T. Pierce, and R. J. Celotta 


An ability to study the properties of micro- 
scopic magnetic structures and to investigate 
magnetic properties with submicron spatial res- 
olution is important both for its fundamental 
scientific value and its usefulness in applied 
magnetic technology. As the size of magnetic 
devices decreases, and the density of recorded 
information increases, new diagnostic tech- 
niques must be developed with which these new 
magnetic structures and processing techniques 
can be characterized. Many current techniques 
for the investigation of magnetic structures 
suffer either from poor spatial resolution or 
from the inability clearly to separate con- 
trast due to magnetic structures from that due 
to topographic or other physical features. We 
describe a method of magnetic imaging that 
overcomes many of the difficulties of other 
current techniques and that allows quantitative 
analysis at high spatial resolution of the 
vectorial properties of sample magnetization. 


Experimental Method 


Magnetization arises from the orientation of 
the magnetic moments of individual electrons in 
bulk material. Consequently, the problem of 
microscopic characterization of magnetic prop- 
erties can be resolved by measurement of the 
spin orientation of electrons in a small region 
of a magnetic solid. The technique described 
in this work is based on the observation that 
low-energy secondary electrons produced by 
high-energy electron bombardment, as in scan- 
ning electron microscopy (SEM), retain the spin 
orientation they had in the bulk.? A measure- 
ment of the spin polarization of these secon- 
dary electrons gives a direct measurement of 
the magnetization in the small region from 
which the secondary electrons originate (Fig. 
1). The technique of imaging magnetic micro- 
structure through spin analysis of electrons 
ejected by a focused high-energy electron beam 
has been called Scanning Electron Microscopy 
with Polarization Analysis (SEMPA) .27" 

The SEMPA technique has several features 
that make it an attractive tool for micromag- 
netic studies. First, the spatial resolution 
is substantially better than for any other 
currently available technique for studying 
bulk specimens. The resolution in SEMPA is 
the same as in conventional SEM images, with a 
potential resolution better than 10 nm. Sec- 
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ond, unlike other methods used to study mag- 
netic microstructure, the magnetic information 
from SEMPA is essentially independent of, but 
recorded simultaneously with, the topographic 
information. This separation makes possible 
detailed studies of the relationship between 
physical and magnetic structures. Third, the 
polarization signal and magnetic contrast are 
large. The secondary-electron current can 
typically be 10-50% of the incident electron 
beam, and typically has a spin polarization 
between 5% and 30%, depending on the sample. 
Finally, SEMPA is a surface analytical tool 
because the secondary electrons have a mean 
escape depth of only a few nanometers. SEMPA 
is thus an excellent tool for studies of the 
magnetic properties of surfaces and thin films. 

Our SEMPA apparatus (Fig. 2) has three basic 
components: the electron microscope, the sec- 
ondary-electron collection and transport op- 
tics, and the spin polarimeter.°*® The SEM is 
fully ultrahigh-vacuum compatible and is fit- 
ted with an ion gun for surface cleaning and 
an Auger analyzer for surface characterization. 
A spatial resolution of 40 nm can be achieved 
with this instrument. The electron optics 
collect the spin-polarized secondaries emitted 
from the sample and form them into a beam 
suitable for use with the spin polarization 
analyzers. 

The two spin analyzers together allow for 
the determination of all three orthogonal com- 
ponents of the vector magnetization. The 
first detector, referred to as in-plane in Fig. 
2, measures two components, Px and Py, in the 
plane of the sample surface. The second de- 
tector, referred to as out-of-plane in Fig. 2, 
is oriented perpendicular to the in-plane de- 
tector and measures both the out-of-plane com- 
ponent Pz and a redundant in-plane component, 
which provides a diagnostic for the calibra- 
tion of the two spin analyzers. An electro- 
static quarter-spherical switchyard determines 
which of the two SEMPA detectors is active. 

The basis for spin analysis is the scatter- 
ing of a spin-polarized electron from an atom 
with large nuclear charge, gold in this case. 
There is a relativistic effect, the spin-orbit 
interaction, which causes spin-polarized elec- 
trons to be scattered with different probabil- 
ity into two detectors that are symmetrically 
placed relative to the direction of incidence. 
This scattering asymmetry is used in spin ana- 
lyzers to determine the polarization of an in- 
cident electron beam. 

Our spin analyzer consists of an annular 
anode that is split into four quadrants, each 
of which measures the intensity of electrons 
backscattered from an evaporated gold film and 
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PIG. 1.--Principle of scanning electron micros- 
copy with polarization analysis (SEMPA). 
FIG. 2.--Schematic of SEMPA apparatus. 


amplified by a microchannel plate multiplier. 

A pair of opposed quadrants determines one com- 
ponent of the incident spin polarization, say 
Px, through the relationship: 


(1) 


where Ig and Ip are the electron fluxes mea- 
sured by the two quadrants, and S is the ana- 
lyzing power of the detector. Each SEMPA de- 
tector determines two orthogonal components of 
the spin polarization, and hence of the sample 
magnetization. The sum of the intensities from 
any two opposing quadrants is proportional to 
the total secondary-electron current. As the 
primary electron beam is rastered over the sam- 
ple, each detector simultaneously measures the 
conventional secondary-electron image and two 
images giving the electron spin polarization 
projected along two perpendicular axes. 

A single crystal iron whisker provides a 
good system for illustrating the SEMPA tech- 
nique, The magnetic properties of iron single 
crystals are quite well understood, so the in- 
terpretation of the polarization images is 
straightforward. In particular, for the case 
of an iron (100) surface, the magnetization is 
parallel to the surface along one of the two 
easy magnetization axes. Because there is 
no out-of-plane component, only data from the 
in-plane detector are necessary. In addition, 
the magnitude of the magnetization in ferro- 
magnetic materials is constant and does not de- 
pend on the direction. Figure 3 shows both the 
conventional secondary-electron image and the 
Px and Py polarization components for a small 
region of the whisker. Several features of 
these images are particularly noteworthy. 
First, contrast between the magnetic domains is 
clearly visible in the polarization images, 
magnetization in the positive x or y direction 
(or spin polarization is the negative x or y 
direction) is indicated by white pixels. The 
second important feature is the presence of 
two instrument effects that interfere with ac- 
curate polarization measurements. One effect 
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allows a remnant of the topographic image to 
be visible in both Px, and Py. The other con- 
tributes a background polarization signal that 
varies smoothly over the images. Both these 
experimental artifacts must be corrected by 
the data analysis. Finally, in the format in 
which the data are presented in Fig. 3, it is 
rather difficult to visualize or to interpret 
quantitatively what is going on in the magnet- 
ic structure. 

There are thus two areas of immediate in- 
terest: (1) what data processing is required 
to permit quantitative analysis of the polar- 
ization images, and (2) how the results should 
be presented for the most convenient interpre- 
tation. 


Raw Data Processing 


Data processing is required to minimize two 
basic problems: spurious feedthrough of topo- 
graphical information into the polarization 
images, and systematic offsets for zero polar- 
ization. Each is caused by a lack of azimuthal 
symmetry about the detector axis as the elec- 
tron beam strikes the gold target. Any physi- 
cal asymmetry causes an artificial asymmetry 
between the signals collected by opposing pairs 
of anode quadrants and results in artificial 
polarization contrast. For example, as the 
primary electron beam is scanned over the sam- 
ple, the secondary electron beam may be scanned 
over the gold target. This feature gives rise 
to the smoothly varying background in the po- 
larization images. Topographic features ap- 
pear in the polarization images because the 
secondary electrons from a surface with topo- 
graphical structure are not emitted with azi- 
muthal symmetry about the mean surface normal. 
These systematic effects can be minimized, but 
not always completely eliminated, by careful 
adjustment of the secondary electron transport 
optics. One final instrumental effect, the 


FIG, 3.--SEMPA micrographs 
of single crystalline iron 
whisker. (a) Conventional 
secondary electron image. 
Spin polarization projected 
along (b) x, (c) y direc- 
tions. 
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traneous structure. 


contamination of this sample. 


There are two principal concerns about the background correction process. 


overall detection efficiency of in- 

dividual quadrants, adds a polariza- 
tion offset that is constant over an 
entire image. 

In practice, one can determine 
the artificial polarizations very 
reliably by recording for each image 
a corresponding image in which the 
magnetic information is absent, by 
replacing the gold target in the de- 
tector by a graphite target. Carbon 
atoms have insufficient nuclear 
charge to generate polarization con- 
trast through the spin-orbit inter- 
action, so that the graphite-scat- 
tered images contain only the sys- 
tematic and artificial asymmetries 
and can be used to correct the po- 
larization data, apart from the con- 
stant overall zero offset. 

Graphite background images for 
the previously shown region of the 
iron whisker are presented in Fig. 
4, The extraneous topographic fea- 
tures are clearly visible. Figure 5 
shows the images with the graphite 
backgrounds subtracted. The smooth- 
ly varying background has been re- 
moved, along with much of the ex- 


The remaining small features are likely real, the result of nonmagnetic 


First, the noise 


in the corrected images has increased by roughly ¥2 because the noise in both primary images 


contributes to the difference image. 


Second, because the gold-scattered and graphite-scattered 


images are recorded separately, small drifts in the apparatus can introduce registration prob- 


lems between the two images, 
ware and has so far presented no major difficulties. 


At this point, the polarization information is essentially correct as displayed. 


The registration can be adjusted with the image processing soft- 


The remain- 


ing problem is that neither the gold-scattered images nor the graphite background images have a 


well-defined absolute zero of polarization. 
difference will appear in the corrected images as well. 


If the two images have different zero offsets, that 
For the iron whisker images, the cor- 


rection is straightforward because one has prior knowledge that the magnitude of the polariza- 


tion is constant across the image. 


A bias polarization can be determined and subtracted from 


each image such that the resultant image has maximally uniform polarization magnitude. 
For samples where such prior knowledge is not available, the zero bias must be determined in 


some other manner. 
using both the gold and graphic scattering targets. 


Our preferred technique is to record test images of nonmagnetic samples, 
On the basis of these nonmagnetic data, 


fine adjustments to the transport optics and detector gains can be made so that the zero bias 


for the gold-scattered and graphite-scattered images is the same. 


graphite background also corrects for the zero bias. 


Presentation of Results 


That done, subtraction of the 


Thus far, the magnetic information has been presented in terms of the projections of the spin 


polarization along three orthogonal axes. 


Because visualization of vector fields is generally 


difficult, an alternate representation is- desirable in which the most important features are 


clearly emphasized. 
there are two important goals. 


vector in order to study the relative orientation of adjacent domains. 
the magnitude uniformity of the magnetization independent of its direction. 


For the magnetic domains in an iron whisker, and many similar systems, 
The first is to determine the direction of the magnetization 


The second is to study 
For such studies, 


it is convenient to present images that correspond to the magnitude and direction of the in- 


plane spin polarization, 


Px and Py by 
Q.  =vp 24+ p 2 (2) D. = tan™ 
xy x y xy 


These images for the iron whisker are shown in Fig. 6. 


These images, referred to as Qxy and Dxy, respectively, are related to 


o: 3 (3) 


It is evident in Fig. 6(a) that the 


magnitude is essentially constant, with the possible exception of the domain walls where there 
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a is an apparent drop in polarization. 
The detailed behavior of magnetiza- 
tion in domain walls is an important 
topic, but the spatial resolution of 
the present images is insufficient 
for quantitative analysis of the 
walls. One principal effect of fi- 
nite resolution on the determination 
of a signed quantity like the spin 
polarization is to depress the ap- 
parent magnitude in regions, such as 
the domain walls, where the sign 
changes rapidly. This finite reso- 
lution effect can fully account for 

§& the deficit observed in Fig. 6(a). 

In Fig. 6(b) the in-plane spin 
polarization direction is shown. 
Dark corresponds to polarization in 
the +x direction, with increasing 
angles (in the counterclockwise 
sense) represented by increasing in- 
tensity in the image, until white 
again corresponds to the +x direc- 
tion. Arrows in the figure indicate 
the mean polarization direction for 
the several domains. The polariza- 
tion direction can be determined 
quite well with this technique. A 
pixel intensity histogram for 


FIG, 4.--Iron whisker. Instrument induced polarization Fig. 6(b) indicates an approximately 
contrast along (a) x, (b) y directions. Gaussian distribution of angles with 
FIG. 5.--Iron whisker. (a) x, (b) y components of spin a width of about +10° about the mean 
polarization, corrected for instrumental effects. polarization direction. The width 


of the mean is indicative of the ex- 

tent to which the uniformity of spin 

polarization throughout a domain can 
be verified. The angular difference between the mean polarization directions for adjacent do- 
mains can be determined substantially more accurately. 

This representation, which is convenient for the two in-plane components, becomes almost es- 
sential for the visualization of the vector field in systems where out-of-plane magneti.zation is 
also possible. An example of such a system with large out-of-plane magnetization is cobalt. 

The crystal orientation of the cobalt sample studied was such that the preferred magnetization 
direction for the bulk was normal to the surface. In order to reduce the magnetic energy at the 
surface, the magnetic domains break up at the surface in a complex way, but retain a Significant 
out-of-plane component to the magnetization. The in-plane component is constrained by crystal 
anisotropies to lie primarily along the six crystalline symmetry axes. Images of Px, Py, and Pz 
for the cobalt samples are shown in Fig. 7. The observed vector field is rather complex and 
difficult to deduce from inspection of these image; the need for a more convenient representation 
is clearly indicated. As in the previously discussed case of magnetization in iron, the impor- 
tant physical questions concern the uniformity of the in-plane and total polarization magnitudes, 
the in-plane direction, and the component out-of-plane of the total polarization vector. 

In Fig, 8 are shown the images for the in-plane direction and magnitude. Six inensity levels, 
corresponding to regions polarized primarily along each of the six crystalline axes, are clearly 
visible in Fig. 8(b). It is also apparent that a gray scale is not the best representation for 
the angular information. Whenever possible (as in the oral presentation of this work) color can 
be used to significant advantage for representing the direction information. 

The apparent deficit at the domain walls of the in-plane polarization magnitude is very pro- 
nounced in Fig. 8(a), and significantly larger than that expected from a consideration of finite 
resolution effects. This finding seems to indicate a real loss of the in-plane spin polariza- 
tion at the domain walls. It can be seen from Fig. 7(c) that the in-plane domain walls corre- 
spond very well with regions of large positive or large negative out-of-plane polarization. 

The picture that emerges from inspection of Figs. 7(c) and 8 is that at domain walls, where 
the in-plane components of the magnetic vectors from the adjacent domains point toward each 
other, the composite magnetization is directed into the sample. Where the adjacent in-plane vec- 
vectors point away from each other, the net magnetization points out of the sample. It is as if 
underlying bulk domains, which are polarized normal to the surface, act as "sources" or "sinks" 
of the observed polarization vectors. Further measurements will be required to characterize the 
magnetic properties of this sample fully. 
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Conelustons 


It is has been shown in the present work 
that with adequate data-processing techniques, 
quantitative studies of vector magnetic prop- 
erties can be performed. It has further been 
demonstrated that a judicious choice of data 
representation can aid enormously in the visu- 
alization of the magnetic vector fields, 
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FIG. 6.--Iron whisker. (a) Magnitude, 
(b) direction of in-plane polarization. 
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FIG. 7.--SEMPA micrographs for cobalt single 
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FIG, 8.--Cobalt single crystal. 
(b) direction of in-plane polarization. 
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ELASTIC SCATTERING CROSS SECTION FOR ELECTRON ENERGY ABOVE 1 keV 


Zbigniew Czyzewski and D. C. Joy 


Monte Carlo simulation requires modeling of two 
scattering processes: first of the elastic 
scattering of electrons and second of the in- 
elastic scattering due to collisons with con- 
siderable energy losses. The latter is de- 
scribed mostly by the Bethe equation, which 
provides a well-proven measure of the average 
rate of energy loss. However, the choice of 
the elastic scattering formalism should depend 
on desired results and on the experimental con- 
ditions to be modeled. 


Monte Carlo Method 


The theoretical basis of electron atom in- 
teraction was presented a few tens of years 
ago. It requires the solution of the Dirac 
equation for a central field for a given poten- 
tial, which can be done by the partial wave ex- 
pansion method. The cross section calculated 
by this method is often called the Mott scat- 
tering cross section. There is no analytical 
formula for the Mott scattering cross section. 
However, values of this cross section can be 
calculated numerically for several energy lev- 
els and for several dozen values of the scat- 
tering angle. Then they can be tabulated and 
used during a Monte Carlo simulation. Applying 
the screened Coulomb potential to the Born ap- 
proximation of the impact problem one obtains 
the analytical Rutherford scattering formula. 
It has been widely used for describing elastic 
scattering of a penetrating electron in solids. 
However, it has been pointed out that the Ruth- 
erford formula is a poor approximation, paticu- 
larly for heavy atoms.? Direct comparison of 
Monte Carlo results obtained using both scat- 
tering cross sections have so far only been 
published for gold.* Reimer et al.? presented 
Monte Carlo data for the Mott cross section, 
but their model is based on a plural scattering 
approximation. Our model for electron scatter- 
ing is a direct single-step simulation in which 
the free path resulting from total cross sec- 
tion is used. The path length is assumed to 
obey an exponential distribution according to 
the Poisson process for a cascade of scattering 
events. The energy losses are described by the 
modified Bethe law.* We used the Mott cross 
section data after Riley et al.° for scattering 
angles less than 10° and after Reimer et al.° 
for greater angles. There are no other pub- 
lished data for energy range 1-30 keV, although 
there are several Japanese papers on electron 
scattering using the Mott cross section.’ For 
comparison we used the screened Rutherford 


Zbigniew Czyzewski is at the EM facility, 
University of Tennessee, Knoxville, TN 37996- 
0810; his permanent address is the Institute of 
Electronic Technology, Technical University of 
Wroclaw, ul. Janiszewskiego 11, 50-372 Wroclaw, 
Poland. D. C. Joy is at the UT EM facility and 
at Oak Ridge National Laboratory, Oak Ridge, 

TN 37831. 


396 


cross section with the usual approximation for 
the screening parameter.°® 


Resulte 


The values of the backscattering coeffi- 
cient n obtained by use of the Mott cross sec- 
tion are smaller than those for the Rutherford 
one (Fig. 1). However, this outcome can be 
predicted from the total cross section and the 
average scattering angle--the two most impor- 
tant parameters of the scattering cross sec- 
tion, The energy dependence of the backscat- 
tered coefficient as predicted by Mott calcu- 
lations is in good agreement with experimental 
data contrary to the Rutherford values. The 
Mott calculations show a gentle fall inn for 
gold and a rise in n for Al as the energy is 
decreased (Fig. 1). Similar curves for the 
Rutherford cross section predict a significant 
rise for all elements. A comparison of the 
total elastic scattering cross section derived 
from the Mott and the screened Rutherford mod- 
els shows that the total Rutherford cross sec- 
tion is much larger than the Mott one for en- 
ergies below 5 keV, except for elements of 
small atomic number (Fig. 2a, c, e). However, 
our data of the total Mott cross section are 
smaller than those presented by Ichimura’ but 
agree well with other data.° This discrepancy 
is caused by different numerical integration 
methods for the Dirac equation, as well as by 
the choice of an atomic potential. It is well 
known that the screened Rutherford cross sec- 
tion underestimates the scattering probability 
for low and high scattering angles and overes- 
timates for the intermediate angular range. 
Nevertheless, the Mott cross section provides 
smaller values of the average scattering angle 
64, although for Cu the 6, values are almost 
the same (Fig. 2b, d, f). However, the aver- 
age scattering angle for the Rutherford cross 
section is a function of thescreening param- 
eter. Using more sophisticated formula for 
screening parameter,*? one obtains somewhat 
greater values of average scattering angle for 
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FIG. 1.--Monte Carlo simulation of backscat- 
tering coefficient dependence on beam energy 
from Mott and Rutherford cross sections. 
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FIG. 2.--Total scattering cross section (a,c,e); 
average scattering angle (b,d,f); R = Ruther- 
ford. 


the Rutherford cross section. The backsact- 
tered electrons (BSE) energy distribution, en- 
ergy dissipation, and maximum range curves are 
affected by the man free path i for elastic 
scattering. The mean free path A is propor- 
tional to the inverse of the total scattering 
cross section. The maximum range, i.e., the 
maximum depth of penetrating electrons, de- 


pends strictly on the mean free path » (Fig. 3). 


Since the A’ values for Al for both cross sec- 
tions are very similar for all energies, the 
values of maximum range are almost identical 
for this element. For large values of 4 and 
small values of the average scattering angle 
Oy, a typical simulated electron trajectory 
reaches large depths, and so the energy spectra 
of backscattered electrons (BSE) simulated by 
use of the Mott cross section is much smaller 
for high fractional energies of BSE (Fig. 4) 
than the corresponding Rutherford data. There 
are the same reasons of the shift of the energy 
dissipation curves toward greater depths (Fig. 
5). However, for Al these curves are very 
close to each other. All calculations were 
performed on an IBM-XT compatible microcompu- 
ter equipped with an 8087 math processor using 
FORTRAN 77, Average simulation time was about 
3 s for one trajectory for both scattering 
cross sections, although the Mott version is 
somewhat faster than the Rutherford one. 
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Conetustons 


The Rutherford scattering cross section is 
a good approximation for low-atomic-number 
elements. The scattering process characteris- 
tics are comparable for both cross sections 
considered for light elements. For higher 
atomic numbers the Mott cross section is nec- 
essary to obtain data that agree with experi- 
mental data, especially for low energies. 
However, for heavy elements (e.g., gold) using 
the Mott cross section should be obligatory 
for high energies as well. 
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FIG. 3.--Monte Carlo calculations of maximal range for (a) Al, (b) Au for Mott and Rutherford 
(R) cross sections. 
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FIG, 4.--Energy distribution of BSE simulated for (a) Al, (b) Au for both cross sections; 
R = Rutherford. 
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AUTOMATED QUALITATIVE ANALYSIS OF AUGER ELECTRON SPECTRA 


S. D. Bumgarner, S. K. Hofmeister, D. P. Griffis, and P. E. Russell 


The peaks in an Auger spectrum have been tra- 
ditionally identified by reference to handbooks 
of standard spectra.’~* Routine spectral anal- 
ysis can be made both easier and faster by a 
computerized routine for automatic identifica- 
tion of Auger peaks. Such automatic peak iden- 
tification has been successfully applied to 
x-ray analysis; several software packages are 
commercially available for this purpose.* How- 
ever, little has been reported regarding appli- 
cation of automatic peak identification to Au- 
ger analysis. 

Shaffner in 1980 reported development of 
software designed to select peaks automatically 
from derivative Auger spectra,” but identifica- 
tion of the peaks was accomplished subsequently 
by prompting for operator input of an element 
atomic number. Frank (1986) reported develop- 
ment of an automated peak selection procedure 
for undifferentiated Auger spectra; ° however, 
automated identification of the peaks so se- 
lected was apparently not a goal. 

Automated identification of Auger peaks is 
complicated by several factors, including 
shifts in peak positions due to sample charg- 
ing. Identification is also complicated by 
variation in peak energies and peak shapes due 
to chemical effects, since the chemical en- 
vironment affects the binding energies of the 
core electrons.’ 

The goal of this research has been to demon- 
strate the feasibility of automated qualitative 
analysis of Auger spectral peaks, and to develop 
algorithms for this purpose. Algorithms for 
both automatic peak selection and peak identi- 
fication were developed. These algorithms were 
applied to spectra acquired from a series of 
single element standards, and spectra from 
three multi-element samples. 


Peak Seleatton from Dertvative Speetra 


Derivative spectra were chosen for analysis, 
since derivative spectra are commonly used for 
routine laboratory analysis of solid surfaces .° 
Shaffner's method for peak selection was used 
as a starting point; i.e., since each peak in 
the derivative spectrumconsists of a sharp max- 
imum and minimum, a change in slope provides a 
simple method for selecting peaks from the 
Auger spectrum. Data points are compared se- 
quentially until an intensity maximum is locat- 
ed, This point is stored, and succeeding data 
points are compared to locate the corresponding 
minimum. The minimum is stored in a parallel 
array. Each maximum-minimum pair represents a 


The authors are at the NCSU Department 
of Materials Engineering, Raleigh, NC 
27695-7907. This work was done as part of 
S. D. Bumgarner's master's thesis. They 
acknowledge the support of the NCSU Analyt- 
ical Instrumentation Facility, JEOL USA, 
Inc., and Dr. A. D. Buonaquisti for his 
helpful advice. 


399 


Bie} Select first (next) point in spectrum 
‘Any more points? B » 
— es 
Calculate sign of slope 
bis slope negative? 7 


FIG. 1.--Flow diagram for peak selection. 


peak. Figure 1 illustrates the logic flow 
used in peak selection. 

There are two points where maximum-minimum 
pairs (peaks) may be rejected: 


(1) During the initial peak detection, se- 
quential maximum-minimum pairs are combined 
when the height of the second maximum-minimum 
pair is less than a noise threshold (see be- 
low); the two maximum-minimum pairs are sepa- 
rated by fewer than three data points; and the 
general trend is downward. In this case, the 
two peaks are treated as a single peak extend- 
ing from the first maximum to the second mini- 
mum. This procedure avoids many instances 
where a single broad but noisy Auger peak is 
detected as two or more smaller peaks when 
noise fluctuations cause a brief reversal in 
the downward slope. 

(2) The initial peak detection produces a 
list of maximum-minimum pairs including both 
actual Auger peaks and a large number of peaks 
due to shot noise. True Auger peaks are se- 
lected from this large list on the basis of 
height and width criteria. Peaks that do not 
meet minimum height and width criteria may be 
rejected. Minimum width was chosen as 2 eV. 
Since the natural linewidth of Auger peaks is 
of the order of a few electron volts,’ this 
choice helps to eliminate higher-frequency 


noise components without eliminating peaks. 
Minimum height was set by measurement of a 
noise level during spectrum acquisition. 


Since noise represents a statistical 
variation in an otherwise constant signal 
intensity, the noise level at a particular en- 
ergy can be thought of as the average fluctua- 
tion in signal intensity at that energy. To 
acquire a noise level, the Auger signal inten- 
sity can be sampled multiple times at each of 
several energies. If the average signal inten- 
sity is calculated at each energy and assumed 
to represent the true signal intensity at that 
energy, the average variation from this inten- 
sity represents the noise level at that energy. 
The presence or absence of a peak at the se- 
lected energy has no effect on the noise level 
measured, since the concern is not with abso- 
lute signal but with signal fluctuation. 

Based on this reasoning, a noise level is 
now acquired immediately prior to collection of 
each spectrum, After instrumental parameters 
for spectrum acquisition are set, the signal 
intensity is sampled 50 times at each of 10 en- 
ergies spaced evenly between the initial and 
final energies selected for the spectrum, 

These data points are used to calculate a noise 
level at each energy and to generate a best-fit 
line representing the noise level vs energy as 
described above. 

This procedure determines the noise level in 
the absence of signal averaging. Signal aver- 
aging can be accounted for if we recall 
that the signal increases with the number 
of scans N and the noise increases as the 
square root of N. Normalization yields 


Noise « N?/2/N = 1/N?/2 


To determine what constant value should be 
multiplied by the noise level to insure detec- 
tion of Auger peaks and elimination of noise 
peaks, the following procedure was followed. 
Spectra were obtained from two samples (one of 
silicon dioxide, one of a palladium cobalt al- 
loy), with signal averaging over 1 to 40 scans. 
We first identified the peaks visually, then 
identified the peaks using the algorithm de- 
scribed above, varying the constant times the 
noise level until a value Kth was found that 
eliminated all (or nearly all) noise peaks but 
detected all visible Auger peaks. Where more 
than one value produced the same results, the 
smallest value was selected. When Ken was 
plotted against 1/N*/?, a straight line with 
slope = 6.81 resulted (Fig. 2). The noise cri- 
terion for peak selection was therefore chosen 
as 6.8 times 1/N+/* times the measured noise 
level. (This is an approximate number; values 
slightly larger and slightly smaller produce 
nearly the same results.) 


Method for Identtfytng Peaks 


In order to identify the peaks detected 
from a sample spectrum, a database was estab- 
lished consisting of the energies and intensi- 
ties of the Auger peaks associated with each 
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FIG, 3.--Flow diagram for peak identification. 


element. Due to the large number of elements 
with peaks at 40-100 eV, peaks below 100 eV 
were excluded from this database, since their 
inclusion would do little to meet the goal of 
distinguishing between elements. However, that 
eliminates the possibility of identifying Li in 
a spectrum, since the only peak from Li falls 
below 100 eV. We compiled the initial data 
from the JEOL Handbook of Auger Electron Spec- 
troscopy,’ using the peak energies (at peak 
minimum) identified in each spectrum, and rela- 
tive intensities given by the ratios of peak- 
to-peak heights measured from the spectra. Up 
to 15 peak energies and intensities were stored 
for each element, along with a third parameter, 
the peak "significance," as discussed below. 

For each element, a predominant (usually the 
largest) peak was listed first, followed by all 
the other peaks in the same transition group 
(KLL, LMM) in order of decreasing intensity. 

A flag was inserted to separate the first ser- 
ies from peaks in the second series (if pres- 
ent), which were listed similarly. This is 
done since the chemical shifts of transitions 
involving valence levels may differ from the 
chemical shifts of core level transitions.?® 

The peak signficance or key status is simply a 
flag inserted in the database to identify cer- 
tain element peaks as key to the identification 
of that element. The key status of particular 
element peaks was based on the characteristic 
appearance of the several spectral series, 
e.g., the familiar LMM triplet of the transi- 
tion metals. Although other peaks are present, 
the presence of only three peaks in this trip- 
let is sufficient to identify the element.’ 
Therefore, only these three peaks are listed as 
key peaks. 

Once a list of peaks from a sample spectrum 
is obtained, peaks below 100 eV are dropped, 
and the peaks are sorted by intensity (peak-to- 
peak height). Figure 3 illustrates the logic 
flow used for peak identification. The largest 
peak is examined first. An elemental identifi- 
cation is attempted by a comparison of this 
peak with the first peak listed for each ele- 
ment in the database. If the peak falls within 
a specified energy window of the element peak, 
the element is stored as a possible match. 

The use of windows is necessary to allow for 
the possibility of peak shifts due to charging of 
the sample or changes in chemical envionnment. 
The initial window is set very wide to insure 
location of all possible matches. Subsequent 
windows within the same transition group are 
narrowed but shifted, based on the difference 
in energy between the originally matched peak 
and its potential element match (i.e., assuming 
approximately equal shift). The window is 
widened again when one is searching for the 
first element peak of a second transition group, 
then narrowed again for subsequent peaks. This 
procedure allows for the possible difference in 
energy shift due to chemical environment be- 
tween the less affected inner-shell transitions 
and the outer or valence-level transitions. 

The window size for this search was selected 
as +10 eV for low-energy peaks (<1000 eV) and 
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+15 eV for high-energy peaks (>1000 eV). 

These values were chosen based on a review of 
compilations of Auger chemical shift data 
found in Refs. 7 and 9. If no possible 
matches are found, the window is incrementally 
widened to +20 eV. 

For each potential match found, the spec- 
tral peaks are searched for additional matches 
with the peaks for that element. The window 
for comparison is reset to a new value based 
on the position of the matched spectral peak 
relative to the first element peak +6 eV. 

This value was empirically chosen to limit the 
window size and still to allow for variations 
in the detected peak position due to noise or 
poor resolution. When an element peak is not 
found, the key status is checked. If the peak 
is not listed as a key peak, the lack of a 
match is ignored and the search is continued. 
If the peak is listed as a key peak, the pre- 
dicted height of the peak is calculated based 
on the stored relative intensity value. If 
the predicted height is less than the measured 
noise level, it is assumed that the peak would 
not normally be visible above the noise, and 
the search is continued. If the elemental 
peak is listed as a "key'' peak and is predict- 
ed to have a height greater than the measured 
noise level, but is not found in the spectrum, 
that element is eliminated as a match. When 
all key element peaks predicted to have 
heights greater than the noise level are 
matched, the element is stored as a poistive 
match. 

This procedure is repeated for each peak 
originally detected in the sample spectrum, 
The end result is a set of labels attached to 
each peak representing all the elements 
"matched" to that peak. There are no restric- 
tions on the number of possible elements 
matched to a particular peak. For multiple 
possibilities, the final definitive identifi- 
cation remains in the hands of an experienced 
operator. 

An attempt to distinguish between "good" 
identifications and "possible" identifications 
was made, by use of the key status of element 
peaks described above. If all the key peaks 
associated with an element are located in the 
spectrum, the match is considered a good 
match. If a key peak is not present in the 
spectrum, and that peak is expected to be vis- 
ible above the noise, then no match is made. 

A third possibility is that one or more of the 
key element peaks is not present in the spec- 
trum, nor is expected to be visible above the 
noise level based on the stored intensity data. 
In this case, the match cannot be eliminated, 
but it is also clearly not as positive as a 
match for which all key peaks are located. 
This match is stored with a flag to identify 
it as less than positive. When element iden- 
tifications are subsequently plotted with the 
spectrum, two colors are used to distinguish 
between these "good" and "possible" matches. 
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FIG. 4.--Peak selection applied to spectrum 
taken of cobalt standard. 


Experimental Procedure 


All spectra were collected with a JEOL JAMP- 
30 scanning Auger microscope. Programming was 
done in Microsoft QuickBasic from an IBM PC-AT. 
Interface hardware between the DEC PDP-11/73 
normally used for computer control of the 
JAMP-30, and the IBM PC-AT, was supplied by 
JEOL, along with a set of QuickBasic callable 
routines that permit control from the PC of ba- 
sic electron column, lock-in amplifier, and 
cylindrical mirror analyzer (CMA) functions. 
With them, a program was written to permit se- 
lection of instrument parameters and collection 
of survey spectra from the PC, with signal 
averaging over a variable number of scans. 

Spectra were obtained from a set of 36 UHV 
standards in order to test the above algo- 
rithms. The standards were purchased from Gel- 
ler Microanalytical Laboratory? ° and consist of 
34 different elements plus silicon oxide and 
silicon nitride. The standards are individaul- 
ly prepared from bulk material, and mounted 
on a single UHV compatible mount 1 in. in diam- 
eter. 

Derivative spectra were acquired from each 
of these standards and used to test the peak 
detection and identification algorithms. Ex- 
cept where noted, all spectra were acquired 
with a 10kV electron beam at normal incidence, 
a beam current of 107°-107’ A, with a spot size 
on the order of 1 um, and a modulation voltage 
of 5 eV peak to peak. Resolution of the CMA 
was 0.6-0.8%. When cleaning was required, a 
3kV argon beam was used for sputter cleaning. 
All spectra were signal-averaged over 5-15 
scans. A noise level was acquired with each 
spectrum by sampling 50 times at each of ten 
energies evenly spaced over the energy range 
selected for acquisition immediately prior to 
spectrum collection. 
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Results 


Figure 4 shows an example of peak selection 
applied to a sample spectrum. Large peaks 
were found to be consistently identified in 
every case. Selection of peaks at or near the 
noise level was only slightly less consistent. 
In some instances, noise peaks were selected 
in addition to Auger peaks. Note, for example, 
the "peaks" at 1390, 1414, and 1514 eV in Fig. 
4, These peaks were not present in a second 
spectrum acquired in the same set, and are ap- 
parently due to noise only. Raising the 
threshold height for peak detection would 
eliminate these peaks from the list, but would 
also eliminate any Auger peaks of Similar 
borderline height. In order to maximize sen- 
sitivity to Auger peaks, these noise peaks are 
tolerated. If necessary, any noise peaks de- 
tected can be positively identified as such by 
acquisition of a second spectrum. (Since the 
noise peaks are randomly located, it would be 
unlikely for one to appear twice in the same 
position.) 

A second problem in peak identification is 
misidentification of the exact location of 
the peak minimum of a broad, noisy peak. This 
problem arose in only a few instances, but 
with serious consequences, since its occur- 
rence almost invariably led to misidentifica- 
tion of the element producing the peak. 

Figure 5 shows examples of the combined 
peak selection/peak identification applied to 
Auger spectra. The major element(s) in each 
of the 34 standards were consistently identi- 
fied correctly under resolution and signal-to- 
noise conditions similar to those shown, ex- 
cept in cases where the shift in peak energies 
due to sample charging exceeded the width of 
the search window. Figure 5 shows that multi- 
ple identifications of a single peak are com- 
mon, especially for the smaller peaks of major 
elements and for minor components/contaminants. 
The color coding of identifications as "good" 
or "possible" (shown in the figure as a "?" 
after possible matches) simplifies decision 
making somewhat in cases of multiple identifi- 
cation. In most cases, (one of) the "good" 
id(s) (if any were listed as "good'') was con- 
sistent with the correct identification based 
on the known composition of the sample. 

Results for the multi-element samples test- 
ed were similar in cases where there was lit- 
tle overlap of peaks. Figure 5(b) is an ex- 
ample. Zinc, germanium, and phosphorus are 
correctly identified in this spectrum taken 
from an epitaxial zinc germanium phosphide 
semiconductor film. Note that several other 
possibilities are listed, notably magnesium, 

Where peak overlaps occurred, identifica- 
tion was found to be less consistent. Figure 
S5(c) shows a spectrum taken from a silver cop- 
per palladium alloy. Silver and copper were 
identified correctly. Scandium, although not 
present, is identified since key scandium 
peaks at 336 and 368 eV match within the win- 
dow used the observed peaks at 330 and 357 eV. 
Palladium is identified only as possible by 
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the peak at 330 eV. The key palladium peak at 
277 eV is obscured by the broad peak at 269 
eV. Identification of palladium is uncertain 
in this case. In the worst case, palladium 
might not be identified at all. 


Conelustons 


Rapid automated peak selection from deriva- 
tive Auger spectra can be successfully 
achieved. Automated peak identification of 
nonoverlapped elements present on a sample 
surface can be achieved with reasonable consis- 
tency. Combined peak selection and identifi- 
cation require only seconds to complete. 

Where peaks overlap, automated peak identi- 
fication will have to deal with the problem 
of peak overlaps to produce consistent re- 
sults. 
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COMPUTER SIMULATION OF INITIAL STAGE SINTERING IN TWO-DIMENSTONAL PARTICULATE SYSTEMS 


J. H. Chen and P. F. Johnson 


Initial-stage sintering and the starting pack- 
ing geometry prior to the sintering process 
have been modeled by several authors.+~” Many 
of the sintering models are based on a simpli- 
fied packing of monosized spheres. In this pa- 
per, computer simulations of random packing and 
initial-stage sintering based on more realistic 
packing mechanisms, followed by diffusion-con- 
trolled sintering mechanisms, are developed for 
particles in two dimensions. Particles in the 
models presented here can have any specified 
size distribution to approximate the simulated 
microstructure resulting from "real" sintering 
conditions. Quantitative properties of the 
modeled structures are calculated and compared 
with the values predicted by the theory. 


Computer Simulatton Procedure 


A computer model has been developed to simu- 
late the settling in gravity of particle sys- 
tems in two dimensions. The resulting compact 
is used for the later sintering simulation. 

The basic scheme of the settling procedure is 
shown in Fig. 1. The motion of a specific par- 
ticle stops when it reaches a position of local 
equilibrium--either the system border or the 
lowest position along the sliding surface of 
particles, Particles at the bottom of the sys- 
tem hit by an incoming particle can also move 
horizontally to accommodate the newly arrived 
particle. 

The model incorporates two methods of ob- 
taining green stacks. Particles from a desired 
size distribution can be first randomly pre- 
packed into the box, with the center positions 
randomly chosen without intersection with other 
particles; then the settling model is applied 
to the prepacked system to simulate a "sedimen- 
tation" procedure. Settling starts with the 
particle that has the lowest central location, 
then the second lowest particle, and so until 
all particles are settled. In the second meth- 
od, particles can fall from the top of the sys- 
tem, with initial positions in the horizontal 
direction randomly located, which then simu- 
lates "filling" the box in a gravity field. 

The particles in the model can be monosized or 
randomly chosen from a simulated size distribu- 
tion, e.g., a log-normal size distribution, or 
from any specific size distribution. To mini- 
mize the effects of the container walls, the 
system box was chosen with its size at least 
ten times the size of the largest particle to 
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FIG. 1.--Scheme of settling procedure: (a) 
particles fall in gravity and slide down over 
surface of particles that have settled; (c), 
(e) are settled structure resulting from parts 
(b) and (d), respectively and show adjustment 
of bottom particles to new incoming particles. 


to be packed, °® 

The settled structures are characterized by 
the packing geometry (the sizes and center co- 
ordinates of all particles) and the geometry 
of the pore constructions (the number and 
identifications of circles forming a closéd 
pore, i.e., excluding all open pores sited 
around the sides of the box). Quantitative 
properties of the settled structure, such as 
porosity, pore-size distribution, randomness 
of the particle packing, and frequency distri- 
bution of the coordination number, are calcu- 
lated from the geometrical information. To 
obtain statistical data, each size distribution 
resource data are run at least ten times, with 
a different starting random-number generator 
seed. 

To simulate the densification process during 
initial stage sintering for particle compacts 
with a size distribution, an extended model 
based on Coble's two-sphere model’ has been 
developed. Assumptions made are: 


@eX/R<<1 (initial stage) 

@®Volume conservation 

eCentral-central approach 

eSimplified neck-geometry: a straight line 

@Mechanism of material transportation: lat- 
tice diffusion and/or boundary diffusion © 
(solid-state sintering; densification without 
rearrangement ) 


Geometrical notations and the representa- 
tions of shrinkage due to both diffusion mech- 
anisms are shown in Fig. 2. Ina multiparticle 
system, a further assumption is made that all 
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FIG. 2.--Geometrical and diffusion mechanism notations 


for two-sphere model of initial-stage sintering. 


particle centers move together according to the 
two-sphere model. For simulation purposes, one 
can accomplish that by increasing the radius of 
the particles, which produces the same overlap 
as in the two-sphere model, and a reducing in 
the size of the “box'' by an overall factor to 
maintain the volume conservation of the parti- 
cles, after all pairs of particle contacts have 
been processed, . 

The sintering simulator can process both 
diffusion mechanisms individually or together; 
i.e., either mechanism can contribute to densi- 
fication alone or both of them contribute to 
the process alternatively. The nongeometrical 
constants B and Bh in Fig. 2, which contain ma- 
terial and environment parameters, are hold 
constant throughout a sintering simulation. 

The sintering simulator was applied to the 
structures resulting from the packing simula- 
tion with the same densification mechanism and 
for the same total processing time. During the 
process, the simulator continuously checks for 
possible newly formed contacts between parti- 
cles and initiates shrinkage and neck growth 
from that point. Time periods between each 
calculation loop were kept short (a) to mini- 
mize the formation of new contacts and (b) so 
that the evolving microstructure could be eval- 
uated by use of fine time scale (nearly contin- 
uously). Geometrical information was recorded 
and saved after each time step for further 
analysis. 
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Volume Conservation : 
2 


x; 
P= aR 

x, 
P,= ¥,= aR 


X,=V2xX, 


Lattice Diffusion : 
V.+ Y= BtG tal 


(B=8D,,OKT ) 


2 


(Eq. 1) 


Boundary Diffusion : 

Y,+Y,= Bt Gr + a)" (Eq. 2) 
(B, = 12D, WyQAT ) 

Where : 


D,__: Lattice diffusion coeff. 
: Grain-boundary diffusion coeff. 


o 


Y : Grain-boundary free energy 
QQ: Atomic volume 

W_: Grain-boundary width 

k _: Boltzmann's constant 

T  : Temperature 

t 


: Time 


Results 


A system with 1181 particles following a 
simulated log-normal size distribution and 
another system with 1000 monosized particles 
were subjected to the "filling box" simulator 
(particles laoded from the top of the box). 
The particle size in the monosized system is 
the same as the geometrical mean size Dg used 
in the log-normal system (3.0 in units of 0.01 
box width). Two resulting compact structures 
after settling are shown in Figs. 3 and 4. 
Analysis of the frequency distribution of par- 
ticle center locations in both X and Y direc- 
tions shows that the modeled compacts are ran- 
dom packed structures. The pore size distri- 
butions of the two structures are shown in 
Figs. 5 and 6. Mean values and standard devi- 
ations of the porosity calculated from ten 
runs for each size distribution are (17.6 +t 
1.56)% for log-normal systems and (16.75 +0.79)% 
for monosized systems. For two-dimensional 
monosized random packing, the packing density 
obtained from the settling model (0.8325) is 
comparable with the model of relaxation from a 
defect planar array” (0.824) and from a theo- 
retical calculation?’ (0.82396). Frequency 
distributions of both the pore and particle 
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FIG, 3.--Compact structure for monosized parti- 
cles settled from top of system. 


Analysis of Pores : 
Total # = 927 
Total areas = 1373.56 
Porosity = 16 270 % 
Largest Size = 2.97$ 
Smallest Size = 0 648 
= 1374 
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FIG. 5.-~Pore-size distribution of monosized 
structure shown in Fig. 3. 


coordination numbers for both settled struc- 
tures are also reported by the settling simu- 
lator, 

For the initial-stage sintering simulation, 
Fig. 7 demonstrates the evolution of the mi- 
crostructure for a simplified system packed 
with seven particles. An enlargement of the 
microstructure near the center of a sintered 
compact is shown in Fig. 8. 

Both systems shown in Figs. 3 and 4 were 
subjected to the sintering simulator; the rate- 
controlling mechanism was grain-boundary dif- 
fusion (Bh = constant # 0, B = 0). The struc- 
ture configurations were recorded at 40 time 
intervals. The resulting decrease of the po- 
rosity during the process for both systems is 
shown in Fig. 9, which shows that the decrease 
of the porosity is faster in the log-normal 
system than in the monosized system. Figure 
10 shows a log-log plot of the percent shrink- 
age with time for both systems. Linear least- 
square regressions were performed for each 
data set, with the results also shown in Fig. 
10. A straight-line behavior with slope 0.3355 
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FIG. 4.--Compact structure for particles with 
log-normal size distribution settled from top 
of system. 


Analysis of Pores : 
Total # = 1128 
Total areas = 1234 804 
Porosity = 47.234 % 
Largest Size = 3.804 
Smallest Size = 0.229 
= { tat 
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FIG, 6.--Pore-size distribution of structure 
of log-normal size distribution shown in 
Fig. 4. 


and 0.3336 is found, close to the ideal slope 
0.3333 predicted by the two-sphere grain 
boundary diffusion model (Eq. 2 in Fig. 2). 
Shrinkage of the log-normal system compacts 
was found to be larger than the monosized sys- 
tem, 


Discusston 


Analysis of the distribution of the center 
locations and comparison of the calculated po- 
rosity with values estimated by other two- 
dimensional monosized models proves that our 
settling models produce a random packing 
scheme. The slight lower value of the porosi- 
ty (16.75% calculated for our compacts, 17.60% 
from theoretical calculation) may arise from 
neglecting the open pores around the system 
box. (A periodic boundary condition would ad- 
dress this discrepancy.) The settling model 
can also be applied to compacts with a parti- 
cle-size distribution that better approaches 
"real" conditions. The higher porosity in the 
log-normal system results from the open pores 
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(c) 


FIG. 7.--Simplified system with seven particles 
undergoes initial-stage sintering: (a) before 
sintering; (b),(c) evolving microstructure dur- 
ing initial-stage sintering. 


and some large pores formed partly by parti- 
cles with a coordination number <3, which is 
required for 2-D stability. Neither elastic 
nor modified elastic recoil has been included 
in our settling model, which leads to particles 
in the compact in a very shallow local energy 
minimum, 

The shrinkage of the compacts during simu- 
lated initial-stage sintering comes from neck 
growth with a resulting decrease of pore sizes. 
The higher shrinkage values and the decrease in 
porosity in the log-normal system (with a geo- 
metrical mean size equal to the particle size 
in the monosized system) imply that sintering 
between large and small particles occurs more 
rapidly than between particles with the mean 
sizes. This phenomenon can also be predicted 
from the two-sphere model equations. The fact 
that the computer-calculated data fall on a 
straight line in Fig. 10 with a slope that is 
almost identical with that from the ideal two- 
sphere model, implies that the algorithm of 
"increase particle size and reduce box size" 
is an effective approximation in the simulation 
work. 
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FIG. 8.--Enlarged structure near center of 
compact showing geometry after sintering. 
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FIG, 9,--Variation of porosity with sintering 
time for 2-D monosized and log-normal size 
distribution systems. 
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FIG. 10.--Log-log plot of compact Shrinkage vs 
sintering time for 2-D systems with monosized 
and log-normal particle-size distribution, 


Cone lustons 


Random particle packing and initial-stage 
sintering models for particle compacts with a 
Size distribution have been developed. The 
geometric properties and evolution of the mi- 
crostructure during the processes have been 
calculated and compared well with those pre- 
dicted by theory. These models, though limited 
to two dimensions, can serve as a good tool for 
the further study on the topological proper- 
ties, microstructure-properties relationship, 
and simulation of the microstructure evolution 
during intermediate- and final-stage sintering. 
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BACKSCATTERED ELECTRON IMAGING OF SUBSURFACE STRUCTURES 


Z. J. Radzimski and J. C. Russ 


Utilizing the fact that the escape depth of 
backscattered electrons is related to their en- 
ergy, one can look inside the material by se- 
lecting only those electrons of a certain en- 
ergy range. We studied this problem both theo- 
retrically and experimentally. Monte-Carlo 
procedures were used to calculate the backscat- 
tering fraction from a sample with a buried 
region of different atomic number. The results 
were compared with experimental data obtained 
by use of an energy filter with retarding grid 
analyzer. Images of subsurface regions were 
obtained digitally as the difference between 
two images taken at different suppression volt- 
ages. 

The backscattered electrons (BSE) in scan- 
ning electron microscopy provide complex infor- 
mation about the specimen.” They escape from 
relatively deep volume of the specimen? and 
consequently carry information about this vol- 
ume. Since energy loss is continuous along the 
electron path, the backscattered electrons that 
penetrate more deeply travel a greater average 
distance and re-emerge with lower energies. 
Consequently, the lower-energy BSE carry with 
them information about deeper subsurface re- 
gions in the sample, on the average. In fact, 
the other side of this phenomenon has been en- 
ployed by Wells? in using highly tilted speci- 
men surfaces and imaging of the low-loss BSE to 
obtain high-resolution images of shallow sur- 
face structures. 

Since electron scattering is a strong func- 
tion of atomic number, it would be expected that 
the total backscattered electron fraction as 
well as the energy distribution of the BSE 
would vary with the composition and depth of 
the region, and that this variation might be 
used either to measure or to image the struc- 
ture in depth. The principal uncertainties in 
this scenario are: (1) the quantitative rela- 
tionship between the depth in the sample and 
the contribution to various portions of the BSE 
energy distribution, (2) the practical problems 
of measuring the energy distribution and select- 
ing a portion of the energy band for measure- 
ment or imaging, and (3) the loss of image res- 
olutions as a function of depth, due to lateral 
scattering of the electrons. We addressed 
these problems both theoretically, using Monte- 
Carlo simulation, and experimentally. 


The authors are at the Materials Science and 
Engineering Department, North Carolina State 
University, Box 7907, Raleigh, NC 27695, This 
work was funded by a grant from Amray Corp., 
Bedford, Mass. 
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Monte Carlo Stmutlatton 


The Monte Carlo program was based on a mul- 
tiple-scattering model. It allows the user to 
specify the size and location of a subsurface 
rectangular prism, and the mean atomic number 
of that region and of the surrounding sample. 
The program keeps track of the energy and di- 
rection of backscattered electrons. Those 
that are intercepted by detector(s) positioned 
by the operator in terms of their size (solid 
angle) and elevation angle above the specimen 
are summed to produce an energy spectrum. Af- 
ter verifying that the program produced re- 
sults in agreement with various published data 
for electron backscattering from homogeneous 
specimens, we conducted a series of simula- 
tions for the case of a buried prism of gold 
in a matrix of aluminum, using 20keV electrons. 
The depth of the top of the gold was varied 
from 0 to 1 um and the beam position was moved 
in steps across the edge of the gold region. 
As expected, the Monte Carlo results show that 
the buried gold can be detected in the BSE 
Signal, but that as the depth is increased, 
the total change in backscattered fraction of 
electrons decreases. However, when curves for 
the number of BSE in particular energy bands 
are plotted, it is evident that the situation 
is more complex. The contrast (change in in- 
tensity across the interface) is maximum for 
the highest-energy BSE when the junction is 
at the surface, but as the depth increases, 
the maximum contrast is found for electrons of 
progressively lower energy (Fig. 1). A con- 
trast of 50% remains at a depth of 1 um for 
electrons in the 5-10keV energy band. Further, 
there is very little indication of a loss in 
sharpness of the transition, which corresponds 
to the resolution of the SEM image. 

The test specimen consisted of two pieces 
of aluminum used to clamp wires of gold and 
molybdenum (1.2 mm in diameter). The assembly 
was polished so that the cross sections of the 
wires were viewed on the exposed surface. 

This method provided reasonably sharp bounda- 
ries between regions of different atomic num- 
bers. In order to correlate the Monte Carlo 
escape depth of BSE, layers of aluminum were 
applied to the entire assemblage by evapora- 
tion. Total thickness varied up to 1.2 um. 
The backscattered electron detector output 
signal was recorded with the beam positioned 
over each material, with varying voltage on 
the suppression grid. 

The depth-dependent images were taken with 
the same test sample coated with an 0.7 um 
layer of aluminum, The surface was lightly 
abraded to produce surface markings, which in 
the images can be distinguished from the 


Ai/Au boundary 


Backscattering fraction 


Distance [um] 
0.25 pm Al on Al/Au boundary 


Backscattering fraction 


Distance [um] 


0.5 pm Al on Al/Au boundary 


Backscattering fraction 
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FIG, 1.--Variation of backscattering signal 
with beam position with respect to edge of Au 
prism buried in Al matrix, as function of en- 
ergy band of backscattered electrons (20keV 
primary beam energy, 0° incident angle); (a) 
at surface of Al matrix, (b) at 0.25ym depth 
in Al matrix, (c) at 0.5um depth in Al matrix. 


subsurface information. A series of images 
were photographed on regions covering the 
boundary between the wires and the aluminum 
block with varying suppression voltages on the 
grid. In all cases, the beam voltage was 22 
keV. The images showing the same Al/Mo bound- 
ary with two different suppression voltages are 
presented in Fig. 2(a) and (b). It is quite 
clear that in all cases the junction of the 
aluminum with a heavier metal can be quite 
charply imaged under 7000 R of aluminum at this 
accelerating voltage, and that variation of the 
suppression voltage allows this information to 
be suppressed so that only the surface markings 
are seen. A slight increase in image noise was 
observed at the higher suppression voltages, 
because fewer electrons reached the detector 
and the output voltage was lower, requiring 
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FIG, 2.--BSE images of Al/Au boundary covered 
with 0.7um-thick Al layer. (a) BSE image with- 
out suppression voltage, (b) BSE image with 

15 kV suppression voltage, (c) difference of 
images (a) and (b). (22keV primary beam ener- 
gy, magnification = 2000.) 


more amplification. However, this noise in- 
creases had only a small effect on the overall 
image quality. 

In order to see only the subsurface infor- 
mation, it is necessary to image only the 
electrons with energy corresponding to the re- 
gion of interest. With the detector in the 
"integral mode"! and responding to all elec- 
trons above the threshold energy, this corre- 
lation can be accomplished by the difference 
between two images taken at different thresh- 
old energies, as was done (Fig. 2c), by use of 


digital image storage, for the pair of images 
shown in Fig. 2(a) and (b). The images show 
very clearly that differencing reveals the sub- 
surface contrast and completely or largely 
eliminates the surface detail (the fine 
scratches applied to the top of the aluminum 
coating). This result shows that quite useful 
resolution of structures rather deep below the 
surface can be expected. 


Conelustons 


The use of a suppression grid on the BSE de- 
tector in an SEM offers considerable flexibil- 
ity for imaging of both surface and subsurface 
structures, Use of a high suppression voltage 
produces surface image with good resolution 
(somewhat akin to the Wells low-loss technique, 
even if the surface is not inclined). Differ- 
ence images are routinely possible with modern 
stored-image digital SEMs, and permit imaging 
of subsurface structures. The ability to 
sweep the suppression voltage to obtain a BSE 
energy spectrum may moreover broaden analytical 
capability in some instances. 
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9 
Asbestos Microanalysis 
AN IN-HOUSE TRAINING PROGRAM FOR THE TEM LABORATORY 


J. R. Millette, S. B. Burris, and J. A. Krewer 


Staff training is one of the most important as- 
pects of a good quality assurance program. Ac- 
creditation programs, such as AIHA and NVLAP, 
require that laboratory staff meet certain 
qualifications and that in-house training pro- 
grams be in place and well documented; however, 
they offer no guidance on the details of train- 
ing plans for laboratory or field staff. 

A model in-house training program for TEM 
analysis is presented, along with step-by-step 
training guidelines. Emphasis is on areas 
where improperly trained analysts commonly make 
mistakes, including misidentification or diffi- 
cult materials and calculation errors. A 
slide show demonstrating TEM analytical prob- 
lems is being developed for the presentation. 
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ASBESTOS ANALYSIS: AN OVERVIEW 


E. B. Steel 


The accurate snalysis of asbestos has become a 
necessity in a number of health, environmental, 
regulatory, and research fields. Asbestos is 
known to cause life-threatening illnesses such 
as pneumoconiosis and cancer. To protect the 
health of and determine the risk to employees 
and the general public, the amount of asbestos 
in the air and water from industrial and ambient 
environments has been analyzed for several 
decades. The advent of the asbestos-abatement 
industry in the last ten years has placed par- 
ticular stress on the analysis of asbestos in 
the materials used in buildings and found in 
indoor air. The recent characterization of 
hazardous waste sites, such as some asbestos 
mines and abandoned manufacturing facilities, 
has meant that rock, soil, water, and outdoor 
air smaples have to be analyzed. The broad 
analytical demands over various types of 
samples that may contain major to trace con- 
centrations and nanograms to grams of asbestos 
in simple to complex matrices require that the 
techniques that are used to analyze any given 
sample be well considered. It is a common 
problem in asbestos analysis to find that a 
technique well designed for one purpose is 
applied inappropriately for another purpose. 


Asbestos Analysis 


Asbestos analysis may be broken into two 
basic categories: bulk and filter analysis. 
Bulk-analysis techniques are applied to materi- 
als that are available in approximately gram 
quantities or larger, such as building materi- 
als, soil, and rock smaples. Filter analyses 
are generally for the analysis of minor to 
trace asbestos components in gases and liquids, 
such as occupational air samples, abatement 
clearance air samples, and asbestos contami- 
nants in water and drugs. In any of these 
analyses, both a qualitative and quantitative 
analysis must be performed, and the analysis 
must be specifically tailored to the sample and 
the reason for the analysis. The different 
techniques often have quite different qualita- 
tive and quantitative capabilities. 

Table 1 summarizes the major techniques used 
for the analysis of asbestos. They include 
macroscopic analysis that is often performed 
with the human eye and aided with a low-power 
or stereo microscope,! the polarized light 
microscope (PLM) method, the x-ray powder 
diffraction (XRD) method,* the phase contrast 
light microscope €PCM) method,? the scanning 
electron microscope (SEM) method, and analyti- 


The author is with the National Institute of 
Standards and Technology, Center for Analytical 
Chemistry, Gaithersburg, MD 20899. 


414 


cal transmission electron microscope (AEM) 
methods.*~& Other less commonly used methods 
include infrared’ and Raman spectrometry, ® 
differential thermal analysis, laser ablation 
spectrometry, 2°19 x-ray fluorescence 
spectrometry, and a variety of physical means 
such as ashing and chemical dissolution. 
These less common techniques are useful in 
samples that have special analytical problems. 

Each of these techniques can be useful but 
each has its limitations. To determine 
whether a technique is properly applied, we 
must first consider the general requirements 
for asbestos analysis. 


Qualitative Analysts 


A qualitative analysis for asbestos is more 
difficult than in many other analytical tech- 
niques because the definition of asbestos 
includes both a specific set of minerals and 
a specific morphology or crystal habit.!!-!4 
Simply analyzing for a mineral species or a 
morphology is insufficient for an accurate 
asbestos analysis. In the general asbestos 
analysis case, either multiple techniques or a 
single technique that can both identify the 
mineral species and classify the morphology 
of materials in a specimen are necessary. 
Alternately, if one can assume an asbestos 
mineral species or an asbestiform morphology 
from previcus knowledge of the specific 
analyte, it may be possible to use a technique 
that analyzes only one of the two defining 
traits (mineral type and morphology) for 
asbestos. 


Asbestos Definitions for Analysts 


As noted, the methods that are used to 
identify asbestos usually have separate 
morphological and mineralogical definitions. 
The morphology definitions vary and may make 
the resulting analyses difficult or impossible 
to compare. The morphologicai definitions are 
not identical in all cases because of analyt- 
ical limitations and differences in the pur- 
pose for which a method is applied. The 
macroscopic definitions of the extremely 
fibrous, flexible, weavable bundles or mats 
that are observed and felt in a hand-size 
specimens are often lost in the well-dispersed 
particles observed on the microscope. Each 
microscopic technique is also limited by image 
resolution, contrast, magnification, and 
analytical capability. 


Morphology Definitions 


Bulk samples have an analytical advantage 
because they have not been greatly dispersed, 
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TABLE 2.--Typical microscope conditions for asbestos analysis of filters. 


TEM SEM PCM 
Resolution <1 nm <10 nm <.5 pm 
Fiber 3:1 aspect?# None 3:1 aspect/>5 ym 
Definition 5:1 aspect/>0.5 pm? 
Illumination microscope microprobe microscope 
Image type true optical rastered true optical 
Field of View* >5 pm >5 pum >200 pm 
Contrast? diffraction topography refractive index 
Control replica thickness atomic number 
substrate 
Limited by analyst fiber width fiber width 
signal/noise resolution 
contrast analyst 
analyst 
Identification asbestos possible fiber 
Significance asbestos 
Analytical general Bulk Q.C. known asbestos 
Applications filters, PCM Q.C. occupational air- 


d 


e 


trace, Q.c.° 


EPA TEM provisional methodology 


EPA asbestos abatement clearance TEM method 


Approximate diameter of measurement area 


filters 


Fiber width or thickness is a controlling factor in the contrast of all 
the techniques 


Q.C. stands for quality control, this is used for verifying the analysis 


by another technique. 


so that many of the properties that are observ- 
ed macroscopically can be at least in part still 
observed in a polarized light microscope on 
friable bulk samples. A morphology definition 
for asbestos observed by the light microscope 

in bulk samples has been proposed.!°.!© This 
definition states that under the light micro- 
scope, the asbestiform habit is generally recog- 
nized by the following characteristics: 


(1) mean aspect ratios ranging from 20:1 to 
100:1 or higher for fibers longer than 5 um; 

(2) very thin fibrils, usually less than 0.5 
um in width; 

(3) two or more of the following: (a) paral- 
lel fibers occurring in bundles, (b) fiber 
bundles displaying splayed ends, (c) fibers in 
the form of thin needles, (d) matted masses of 
individual fibers, (e) fibers showing curvature. 


This definition is robust, covers the mate- 
rals sold commercially as asbestos, and elim- 
inates the analytical confusion with samples 
that contain only nonasbestiform cleavage 
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fragments, regardless of their mineralogy. 
Fiber-on-filter samples are a much more 
difficult problem because they are generally 
well dispersed by the gas or liquid medium from 
which they were taken. The dispersion yields 
many small thin fibers that do not typically 
contain the bulk asbestos attributes of curva- 
ture, splaying ends, mats, bundles, etc. A 
simpler morphology definition based on aspect 
(length-to-width) ratio must thus be used in 
the filter methods of Table 2, which creates 
problems in environments where asbestos is a 
trace component. Since many particles have 
elongate shapes, a lot of time is spent analyz- 
ing nonasbestos particles. A further compli- 
cation arises in samples that include nonasbes- 
tiform cleavage fragments, or a mixture of 
cleavage fragments and asbestiform fibers of 
the regulated asbestos minerals: the size dis- 
tributions and aspect ratios of these particles 
overlap, so that the microscopist usually 
cannot distinguish between asbestos and non- 
asbestos fibers of the same mineral on a 


single-fiber basis. 

The aspect ratios chosen in the methods are 
typically 3:1 or 5:1 and have a large overlap 
with nonasbestiform particles. Choice of a 
higher aspect ratio would be more selective for 
asbestos and would eliminate analysis of many 
nonasbestos particles, but could also eliminate 
a possibly significant fraction of asbestos 
fibers. Thus, most methods have opted for low 
aspect ratios. However, this broad morphology 
classification can compromise the analysis of 
asbestos. When amphiboles are being analyzed, 
these methods are only valid where there is (a) 
a known amphibole asbestos component in the air 
and (b) no major source of cleavage fragments 
of the same mineral. The existence of 3:1 or 
5:1 amphibole particles on a filter sample is 
not sufficient for the analyst to state that 
asbestos is present. 


Mineral Defintttions 


Several minerals can occur in an asbesti- 
form habit and have been used commercially as 
asbestos: chrysotile, riebeckite asbestos, 
grunerite asbestos, tremolite asbestos, actin- 
olite asbestos, and anthophyllite asbestos. 
The asbestiform varieties of these minerals are 
regulated by several federal agencies. 
Chrysotile is a fibrous serpentine mineral.*3 
All the other minerals listed are amphiboles, 
whose nomenclature is defined succinctly by 
Leake,!7 Other minerals rarely occur in an 
asbestiform habit, but are not typically used 
commercially for their asbestos properties and 
are only rarely found in any measurable 
quantity. These other materials are not cur- 
rently regulated. 


Mineral Identifteatton 


To identify these mineral species unambigu- 


ously one must measure properties unique to that 


mineral, both primary properties such as chemi- 
cal composition and crystallographic data 
(symmetry and d-values), and secondary proper- 
ties such as a combination of optical data 
including refractive indices at specific 
crystallographic orientations. There is often 
interference from other minerals for any single 
property, so that several properties must be 
generally measured for a definite mineral 
identification. Asbestos mineral identifica- 
tion is discussed in detail in number of 
méthods and papers.!3,1!8-21 Crystallography, 
such as used in powder XRD, and molecular 
spectroscopies, such as infrared and Raman 
analyses, can uniquely identify the mineral 
species, if a sufficient number of peaks and 
intensities are measured. Measurement of 
electron diffraction at one crystal orienta- 
tion, as applied in the AEM methods, uniquely 
identifies only chrysotile. In general, 
chemical composition is insufficient for a 
unique identification because various minerals 
may have the same or similar composition, 27°23 
so that for the electron microscopic identifi- 
cation of amphiboles, both electron diffraction 
and chemical composition must be analyzed to 
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provide a unique mineral identification. 


Which Teehnique to Use 


With the background provided above, we can 
now put the various techniques in perspective 
and define an approach to analysis. Again, 
it is best to separate the approach into the 
two major type of asbestos analysis, bulk and 
filter samples. Only two of the techniques 
listed in Table 1 (PLM and AEM) give both a 
unique mineral identification and morphological 
information necessary for the qualitative 
identification of asbestos. All the other 
methods either require supporting data from 
another procedure or assumptions as to the 
mineral type or morphology. 


Bulk Samples 


Of the two methods capable of performing 
a qualitative analysis, only PLM has a defined 
method for bulk analysis.2 Thus PLM is the 
technique of choice (and luckily also the 
most economical). However, the PLM technique 
has several problems. It requires analysts 
trained in polarized light microscopy, optical 
crystallography, and mineralogy and experi- 
enced with asbestos analysis. The NIST Bulk 
Asbestos Accreditation Program has shown that 
many analysts do not fully understand the use 
of the polarized light microscope or how to 
interpret the PLM results. The PLM method also 
has difficulty with the qualitative analysis 
of materials that are nonfriable or have well- 
dispersed thin fibers. The microsampling 
performed prior to PLM analysis makes the 
method prone to errors associated with inhomo- 
geneous samples. The PLM method is by nature 
semiquantitative and cannot yield precise 
estimates of asbestos concentrations, espe- 
cially at the lower concentrations, near 1 wt%. 

Many of the problems associated with the 
PLM method can be corrected by supplementing 
the analysis with quality control checks that 
employ other techniques. A good macroscopic 
analysis of the whole sample and a semirandom 
microsampling system can overcome many 
homogeneity problems; AEM, XRD, and SEM 
analyses can aid the qualitative analysis of 
finely dispersed fibers; XRD is also useful 
for analysis of nonfriable materials and in 
more precisely quantifying the asbestos con- 
tent. The use of PLM as the primary method 
that is always applied to bulk specimens, with 
other techniques used as support and quality- 
control checks for both random and specific 
types of samples, makes the qualitative 
analysis of asbestos reliable and economical. 

Another, more difficult problem with 
quantifying the amount of asbestos in a bulk 
sample has to do with the current practice of 
quantification based on an estimate of the 
volume of asbestos in the bulk sample during 
the macroscopic analysis or an estimate of the 
area of the asbestos in microsamples on the 
PLM. Such volume estimates can be reasonable 
estimators of the weight percent of a phase in 
a complex assemblage of phases if the densities 


of the phases are similar.** The problem is 
that there is currently no determination of 
error or standarization of the volume- 
estimation technique. This macroscopic method, 
although valuable semiquantitatively, is a new 
technique that has not been validated by 
standards, empirical data, or theory; i.e., how 
does one estimate volume from a complex, 
partially fibrous sample? Nor can the macro- 
scopic method distinguish the fibers by mineral 
type and may miss thin fibers, which leads to 
incorrect estimates of the asbestos content. 
Generally, the macroscopic analysis should 
report the results as "possible" asbestos and 
should be verified by the PLM method. 

The second means of quantifying asbestos 
by estimating the area in microsamples on the 
PLM has its own set of problems. Two ways of 
estimating area are currently employed: (1) 
point counting and (2) visual estimate. Point 
counting has an advantage in that it is a 
standardless technique with defined analysis 
rules, but it takes a long time to get what is 
at best a semiquantitative answer. Visual 
estimation is much faster but can only be 
employed if the analyst has been trained, 
through comparison with suitable standards, to 
make area estimates of fibrous components in 
morphologically complex matrices. If performed 
properly both area-estimate techniques should 
come up with the same asbestos concentration. 
Yet both area estimates have a major problem: 
the relative projected area of particles is a 
function of the relative thickness distribu- 
tions of the grains. What that means is that 
area estimates should be made on specimens of 
equal thickness;2** that is, thick grains should 
not be compared to thin grains (unfortunately 
a common occurrence on a typical asbestos 
sample slide mount). The variation in grain 
thickness causes the area estimate to be only 
indirectly related to the weight percent of 
asbestos in a sample and that area percent 
changes as a function of the sample manipula- 
tion and preparation. 

One way of countering some of the weaknesses 
of the quantitation is to make a semiquantita- 
tive estimate of the asbestos content in a 
sample during both the macroscopic and PLM 
examination of a sample. The results of each 
should be consistent, or the causes of any 
discrepancies should be determined and accounted 
for in the asbestos-content results. These 
results will still be semiquantitative and have 
poor precision at low concentrations of 
asbestos, but the two estimates will minimize 
some problems associated with homogeneity and 
particle size. 

A better method for determining the quantity 
of asbestos in a sample is x-ray powder diffrac- 
tion. <A number of methods exist for quantify- 
ing the weight percent of a specific mineral 
phase in complex samples by XRD, which can 
measure precision and accuracy and has a 
sensitivity of approximately 0.5 to 2 wt% for 
most types of bulk samples. Quantitative XRD 
has its limitations. It is more time consuming 
and expensive than PLM, extensive sample pre- 
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paration is sometimes necessary, and XRD cannot 
distinguish asbestiform from nonasbestiform 
particles of the same mineral phase. If XRD 

is used as a support technique in conjunction 
with the PLM on samples in which the PLM is 
quantitatively or qualitatively the weakest 
(e.g., samples that contain minor to trace 
quantities of asbestos or nonfriable samples), 
many of these limitations are minimized. 


Filter Techniques 


Microscopic techniques can be applied to 
all type of samples and are not limited to 
filter materials, but the advantages and 
limitations of each method are the same as in 
filter analysis. The microscopic analysis of 
materials entails several steps: finding the 
objects of interest, then determining their 
identity and concentration. Choosing the 
appropriate microscopic method for the 
analysis of asbestos entails finding the best 
technique to accomplish these steps. Reliably 
finding an object such as an asbestos fiber 
requires that the fiber be easily visible. 
Determining its identity requires that enough 
properties can be measured to identify the 
object uniquely. 

The visibility of an object on the micro- 
scope is a function of contrast, signal, noise, 
size, shape, and the ability and experience 
of the observer. The contrast, signal, and 
noise are defined by the sample, sample pre- 
paration, and instrument imaging system. The 
size of the object must be matched to the 
resolution capability and magnification of the 
analyzing instrument to produce an image where 
the object is easily seen. Different 
observers have different acuities or sensitiv- 
ities depending on the shape of an object. 

And different observers, different micro- 
scopists, computers, detectors, etc., have 
differing capabilities of seeing or recognizing 
objects. 

The three techniques used in the analysis 
of filter materials (AEM, SEM, and PCM) each 
have quite different mechanisms of image 
formation. The AEM and PCM have transm- 
mission microscope optics where a whole field 
of view is illuminated and imaged simultane- 
ously; the SEM has a microprobe beam which is 
rastered over the sample to create a two- 
dimensional image of the surface of the sample. 
The AEM and SEM use electron optics for imaging 
and thus have higher resolution than the light 
optics on the PCM (Table 2). The use of 
electrons enable particles to be characterized 
chemically and crystallographically through 
x-ray spectroscopy and electron diffraction 
analysis (Table 1). 

Of the three methods, only AEM is capable 
of the unique identification of the asbestos 
minerals. Where identification of fibers on 
filter materials is critical, AEM is thus the 
only valid method. Identification is necessary 
whenever the sample is taken in an environment 
that contains unknown fibrous particulate. 

AEM is also the only technique that reliably 
allows observation of the complete asbestos 


size distribution. Thus, if the amount of 
asbestos, without regard to fiber length or 
width, is desired, only the AEM techniques is 
capable of analyzing the sample. The very 
capability of measuring all fibers means that 
the AEM operates at high magnifications. These 
high magnifications put practical limits on the 
amount of sample that can be analyzed by the 
technique. The AEM is operated at >10 000 

so that the typically thin (40nm) asbestos 
fibers can be visualized, and often covers less 
than 1 part in'10 000 of the areaofa filter 
during a routine analysis. Covering such a 
small filter area limits the statistical 
reliability and detection capability of the 
technique. 

The PCM, as used, cannot give any informa- 
tion about the mineral identity of a fiber. 
That means that any particle meeting the 
morphology criteria of the method will be 
counted as asbestos, including gypsum, organic, 
glass, and other particles. In addition, PCM 
is limited to fibers more than approximately 
0.3 um wide and does not count complex equant 
particles composed of asbestos. These size 
limitations mean that one cannot observe most 
of the asbestos fibers in a sample by PCM. The 
PCM method was designed for use in the asbestos 
workplace, where it was valid to assume that 
the preponderance of fibers present in the 
sample are asbestos. In these environments the 
results of the PCM method were related to the 
asbestos diseases of the workers. To this day 
the results of the PCM technique are the only 
ones to yield a direct relationship to health 
effect; if used in appropriate circumstances, 
PCM can be very effective in preventing 
asbestos-related health problems in asbestos 
workers. But application of the technique to 
the general ambient or indoor environment to 
determine the concentration of asbestos simply 
generates uninterpretable results. 

When performed properly, SEM has the same 
limitations as AEM, but cannot generally attain 
its reliability or full capability because the 
SEM imaging system is much more complex and 
prone to noise than the AEM. The quality of 
the SEM image and therefore the visibility of 
the asbestos fibers is a function of many 
parameters.*°»2® Since the visibility of the 
asbestos fibers on a filter sample is near the 
limit of the capability of the SEM technique, 
it would be necessary for each instrument to 
show routinely, through a rigorous calibration, 
that the instrument was capable of easily 
imaging and analyzing asbestos fibers. In 
addition, the method can only partially ident- 
ify the fibers as asbestos. SEM is limited to 
classifying particles by chemical composition, 
which cannot uniquely identify a mineral 
species. The capability of SEM falls between 
AEM and PCM, both in fiber visibility and 
identification. It is not clear that the SEM 
serves a useful purpose in the analysis of 
filters. Unluckily, all these methods report 
results from an analysis in units of fibers 
per unit area, which has led to the conclusion 
that the results should be comparable. Because 
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of major differences in the counting protocols 
and the analytical capabilities of the 
instruments, the results from the SEM, PCM, 

and AEM are generally not comparable and 
typically differ by orders of magnitude. Only 
in a research mode, where many parameters are 
controlled or held constant, would one expect 
the results of the methods to be self- 
consistent; and even then the results would not 
yield the same numbers. Only if the 

definition of an asbestos fiber, the fiber size 
distribution and source of material (dispersed 
or comminuted), the resolution and imaging 
mechanism of the instrument, the interfering 
materials, and the analytical capability of the 
instruments and methods were the same could 

one get comparable asbestos concentrations. 


ConeLustons 


The method of choice for the qualitative 
analysis of asbestos in bulk materials is the 
polarized light microscope, combined with a 
thorough macroscopic analysis of every sample. 
This combination of techniques allows a bulk 
sample to be adequately defined both morpho- 
logically and mineralogically. Quality control 
checks by other techniques such as XRD, AEM, 
and SEM are useful in controlling and limiting 
the errors associated with specific types of 
samples where the PLM is known to have 
problems. PLM and macroscopic analysis of 
bulk samples yield semiquantitative results. 
To get precise and accurate amounts of asbestos 
at low concentrations requires the use of 
other methods such as XRD, ashing, chemical 
dissolution, weighting, etc. 

The method of choice for filter samples is 
the AEM. It is the only filter analysis method 
that is capable of unique mineral identifica- 
tion and unlimited morphological characteriza- 
tion. The PCM is useful for relating asbestos 
aerosol concentrations to health effects, but 
assumes all fibers to be asbestos and should 
therefore not be used to determine the 
quantity of asbestos on a filter. If the 
quantity of asbestos in a gas or liquid is the 
desired result, then AEM is the only current 
technique capable of supplying an answer. If 
the health effect of a known asbestos aerosol 
on a worker is the desired result, then the 
PCM is currently the best method. The SEM 
gives results that are not completely 
satisfactory in either case. 
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COLLECTION, PREPARATION, AND ANALYSIS OF SURFACE SAMPLES 


B. H. Clark 


Due to the episodic nature of asbestos release, 
the importance of surface sampling in addition 
to air sampling has been recognized in the as- 
sessment of asbestos-containing buildings. Al- 
though methodologies have been published for 
air sampling and analysis to be followed by all 
laboratories, a standard operating procedure 
for surface sample collection, preparation, and 
analysis has not yet been accepted, This study 
is concerned with a possible protocol for sur- 
face samples that gives reproducible results. 


Sampling Procedure 


An air sampling pump set at 2 1/min is used 
to "vacuum'' a lft? area of the surface for 1 
min. A standard air cassette loaded with 0.8um 
mixed cellulose ester MCE filter is held at a 
slight angle to the surface and moved in over- 
lapping, parallel passes across the surface at 
least twice in different directions. Smaller 
areas may be sampled as long as the actual area 
is recorded. Carpets may require aggressive 
vacuuming in order to pick up the releasable 
fibers. 


Preparation Procedure 


The inside of the cassette is rinsed with 
de-ionized, particle-free water into a contain- 
er. The filter is removed and sonicated, and 
the rinse water is added to the sample contain- 
er. After dilution to 100 ml volume, further 
sonication, and agitation, a small volume of 
sample is filtered onto a 47mm, 0.45ym MCE fil- 
ter. The amount filtered depends upon the 
amount of material in the sample. When the 
filter is dry, it is prepared for analysis by 
the NIOSH 7402 direct preparation method,’ 
which consists of collapsing, etching, carbon 
coating, and dissolving the filter. 


Analysts Procedure 


The asbestos fiber counting method has been 
adapted from the AHERA document or from the 
Yamate Level II analysis.*?% In addition to 
asbestos structures, other constituents of the 
dust sample may be identified in an attempt to 
determine a possible source of the contamina- 
tion. From this analysis, the concentration of 
asbestos structures per square foot can be cal- 
culated from 


Saas 


N Af 


Concentration = Wo AE 
GSO’ GSO's 


where S is the number of asbestos structures 


counted, Aeff is the effective area of the 
sample preparation filter (um?), Noso is the 
average area of one grid square opening (um?), 
Ag is the area sampled (ft?), and f is the 
amount of sample filtered from the total vol- 
ume of sample. Typical concentration levels 


found in dust samples analyzed are: 
Level Concentration (structures/ft?)_ 


Low 5000-1 million 


Moderate 1-100 million 
High >100 million 
Coneluston 


This protocol for surface sampling and 
analysis is a relatively new method for quan- 
tification of asbestos contamination. There 
are other surface sampling protocols; perhaps 
a merging of the best parts of various method- 
ologies will provide the most successful ap- 
proach to this situation. 
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ON THE CHARACTERIZATION OF ASBESTOS AEROSOLS 
K. R. Spurny 


Fibrous aerosols, consisting of asbestos, nat- 
ural, and man-made mineral fibers, whether dis- 
persed in the outdoor and indoor atmosphere or 
in the workplace environments, are toxic and 
carcinogenic. Their measurement in air as well 
as their personal dosimetry are needed, 

It has been shown that optical microscopy 
(OM) is no longer regarded as a suitable pro- 
cedure for the measurement of fibrous aerosols. 
The methods of the best available technology 
are analytical scanning and transmission elec- 
tron microscopy (ASEM and ATEM). These tech- 
niques are to be applied to such measurements. 
Two available standard reference procedures 
(VDI, ISO) can be applied to direct evaluation 
of filter samples. Fibrous aerosols of all 
particle sizes and types can be quantitatively 
evaluated and qualitatively identified by com- 
bination of these procedures. (ASEM is used 
as a high-quality screening test.) Concentra- 
tions as small as 100 fibers/m* are measurable. 

The health risk can be evaluated by appli- 
cation of toxic and carcinogenic models and by 
means of "preventive standard limits" (PSL). 
The PSL proposed for asbestos in the Federal 
Republic of Germany is 400 fibers Lp 2 5 um 
per m>. Models for the health risk evaluation 
which are related to fibers sizes were pro- 
posed by Pott. The measured fiber concentra- 
tions and sizes are compared with the size- 
effect model. 
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PROCEDURES FOR THE PREPARATION AND ANALYSIS OF BULK ASBESTOS-CONTAINING 
MATERIALS BY COMPUTER-CONTROLLED SCANNING ELECTRON MICROSCOPY (CCSEM) 


L. D. Detter and T. B. Vander Wood 


The identification of the origin of asbestos- 
containing building materials has become a ma- 
jor concern in the economics of asbestos abate- 
ment. A wide array of analytical techniques 
has been applied to building materials to sup- 
plement the paper trail leading to the material 
manufacturer, including electron and optical 
microscopy for the identification of inorganic 
components and organic analyses for the identi- 
fication of surfactants, binders, etc. Scan- 
ning electron microscopy combined with energy- 
dispersive x-ray spectrometry (CCSEM EDS) is 
currently being investigated and shows great 
promise for the identification of the inorganic 
components and the determination of their 
weight percents. In this method, the sample of 
interest is pulverized to a fine powder and a 
representative portion is dispersed on a sub- 
strate for mounting in the electron microscope. 
Under computer control and without operator in- 
tervention after the initial set-up, the CCSEM- 
EDS finds, sizes, and chemically analyzes up to 
one thousand particles. Each particle can then 
be assigned to a user-defined material type 
(e.g., chrysotile, talc, perlite) based on its 
chemistry, and the weight percent of each type 
can be calculated. In the present study, re- 
cent improvements in sample processing methods 
are discussed along with a CCSEM-EDS evaluation 
of a building material (ceiling plaster) of 
known composition. 

The choice of sample pulverization employed 
greatly influences the CCSEM-EDS data. An 
ideal sample dispersion would contain particles 
of similar size and a minimum of particle over- 
lap or agglomeration. The dispersion should 
also be representative of the parent sample. 
The first step in our processing procedure in- 
volves milling a known weight of material in a 
freezer mill, followed by suspension in ethanol, 
which yields a known concentration in suspen- 
sion. The suspension is homogenized by ultra- 
soneration and an aliquot is filtered through a 
0.2um pore size polycarbonate filter. The fil- 
ter is then washed to remove all acid-soluble 
components of the building material (the acid- 
soluble portion is identified in a different 
procedure) and is mounted on a carbon plan- 
chette. A thin carbon layer is applied to the 
filter to reduce possible charge build up dur- 
ing the CCSEM-EDS analyses. 

Once the sample is prepared it is mounted 
for analysis in our CCSEM (actually a JEOL 733 
Superprobe controlled by a Tracor Northern 
5500/5600). At present we are using commer- 
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cially available software to automate the in- 

strument and to process the resulting data. 

However, advanced software has been developed 

in-house and should be applied to similar 

product identification samples in the near fu- 
ture. (For an in-depth discussion of our 

CCSEM-EDS method, see Ref. 1.) 

The CCSEM-EDS results of the ceiling plas- 
of known composition are shown in Table 1. 
first column contains the particle types. 
published composition of the ceiling plas- 
ter is listed in the second column. The next 
six columns are CCSEM-EDS results obtained 
from five different sample pulverization tech- 

niques: handground in an agate mortar/pestle; 

use of a micronizing mill; a pulverizing mill 
employing a tungsten carbide vial; a freezer 

mill employing plastic and stainless-steel 

vials; and a shatterbox with tungsten carbide 
components. The data in this table illustrate 
two points. First, the choice of grinding 
techniques is critical for accurate and repro- 

ducible CCSEM-EDS analyses. In this study, 
the freezer mill was the preferred grinding 
method. Second, the data indicate that CCSEM- 

EDS is effective in determining the acid- 

insoluble composition of building materials, 
and also illustrate the most difficult problem 

associated with the method: assignment of par- 
ticles to the various particle types. Consid- 
ering the freezer mill data, the most prominent 
differences between the standard composition 
and the analytical results are the presence of 

Si-rich particles that were not listed for the 

standard composition, and the overestimation 

of talc. The presence of 9.9% of Si-rich par- 

ticles may be explained by the presence of a 

Si-containing acid-soluble material (such as 

mineral wool) left as a residue after the acid 

washes. Similarly, the explanation for the 
overestimated value of talc is not straight- 
forward but is perhaps explained by particle 
overlap or close association between similar 
particle types. The weight percents of chrys- 
otile, montmorillonite, and perlite were in 
close agreement with the building standard's 
composition. The percentage of the unclassi- 
fied particles with the freezer mill was 7% of 
the total number of particles analyzed. 

In summary, CCSEM-EDS is an effective method 
for characterizing asbestos-containing building 
materials providing adequate care is taken dur- 
ing sample processing and in the definition of 
particle types. 


ter 
The 
The 
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TABLE 1.--CCSEM-EDS data (wt%)*. 
HANDGROUND | MOCRONE | MOCRONE |PULVERIZER|SPEX FREEZER |SHATTER BOX 


aarti Precondition TUNGSTEN |MILL/PLASTIC | TUNGSTEN 
PARTICLE TYPE | STANDARD | PESTLE | OORUNDUM | OORUNDUM | CARBIDE [AND STAINLESS| CARBIDE 


Al-Rich (ALO) | -—— | 0.1 | 184 7 S58 | O02 | — | 0.3 
Si-Rich (SiO) | -—— | 1.6 [| B80 bP 262 [gon | 9.9 | 8.5 
Fe-Rich (FeO) | —— | 0.1 f. “dO a Sm. te Od | 0.3 0.4 
Chlorite/ | | | | | | 

Vermiculite | —— | 0.1 fh 30sg tl eee iy, ea 0.3 1.8 
Chrysotile | 7.2- 9.3] 0.8 I). Os Sh: dare ot Se. | 5.9 | 3.3 

4 

Tale | 7.7-10.3| 18.3 | 104 | 36.6 | 212.5 | 18.4 | 252 
Montmorillonite/ | | | | | | | 

Bentonite | 9.3-16.5] 49.1 Re eB i DL 9.3 | 19.4 
Perlite | 56.7-72.1] 18.9 | 23.8 | 36.7 | 29.8 | 55.2 48.4 

ae 

Kaolin {[ —— | 9.0 fe 230s 3, “Gsae WY eG BOS | yap 
i 
Steels f —_— | 220 Best aed Gee ead O22 
$$$ $$$} ++ _+-___ 1 
Titanium dioxide | <4.) | —— rr ns eo edie 
Se ee 
Number of Non- | | | | | | 

Integrable {| —— | 7 Baal | 2 | 3 17 | 30 
Number Unknown =| -—— | = 107 | 169 | 102 | 470 60 aes: 

(%Uninomn) =| —— | (22) | (22) | (7) | (GO) | @) | (9) 
TOTAL NUMBER OF | | | | | | | 

PARTICLES | —— | 495 | 808 | 384 | 1545 | 82 | 1500 


a. All the ground samples were acid washed prior to automated analysis. 
b. Total weight of sample ground was approximately 0.06g; corundum impactors/plastic vial. 
c. Total weight of sample ground was approximately 2 g; corundum impactors/plastic vial. 
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ASBESTOS ANALYSIS BY POLARIZED LIGHT MICROSCOPY: PROBLEMS AND SUGGESTIONS 


R. L. Perkins, B. W. Harvey, and M. E. Beard 


Polarized light microscopy (PLM) is the recom- 
mended method for analyzing friable bulk mater- 
ials to determine whether they contain asbes- 
tos.+’* An experienced microscopist can detect 
and identify asbestos fibers at concentrations 
below 1%. Unfortunately, the experience and 
skill level represented by the microscopists 
involved in asbestos analysis vary greatly. 
This study documents the types of bulk samples 
that asbestos laboratories have found difficult 
to analyze and suggests some analytical tech- 
niques that could aid the microscopist in iden- 
tification and quantitation of asbestos in fri- 
able bulk materials. 


Background 


Experience with conducting proficiency test- 
ing of asbestos laboratories, both for the U.S. 
Environmental Protection Agency (EPA) and the 
U.S. Navy, has indicated some types of materi- 
als that cause analytical problems. Eighteen 
EPA test rounds and 23 Navy test rounds have 
been conducted. The problems can be summarized 
as follows: 


1. Detection and quantitation of asbestos 
at low concentrations. 

2. Detection and identification of small- 
fiber asbestos. 

3. False positive identification of asbestos 
substitutes. 

4. Incorrect identification of asbestos 
type(s). 

5. Detection, quantitation, and identifica- 
tion of asbestos fibers masked by binders. 


Parts a, b, and c of Table 1 illustrate the 
error rate of participating laboratories in 
the analysis of samples with the characteris- 
tics mentioned above. Approximately one out of 
ten laboratories could not detect asbestos when 
present at low (2-3%) concentrations. Depend- 
ing on the type of sample, 20 to 35% of the 
laboratories reported false positives for fi- 
brous, nonasbestos materials. Approximately 
46% of the laboratories were unable to identify 
anthophyllite asbestos correctly. 


Analytical Techntques 


Identification of asbestos by PLM involves 
a very careful determination of the optical 
properties of the suspect fibers. Characteris-~ 
tics such as refractive index, pleochroisn, 
birefringence, sign of elongation, morphology, 
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etc., must be determined to identify asbestos 
correctly. Several techniques can be used to 
help the microscopist in analyzing bulk mate- 
rials. A careful scanning of the material 
with a simple microscope at low magnification 
(10-40x) is perhaps the most important step 
in detecting fibers and also provides (with 
experience) an opportunity to estimate the 
relative concentrations of the various sample 
components visually. 

Because many construction materials are 
heterogeneous, sample homogenization most of- 
ten facilitates identification and quantita- 
tion of fibers. It was found that sample 
homogenization in a miniblender provided a 
more even distribution of sample components 
and was very efficient in the removal of bind- 
er material from the fibers. 

Suspect fibers are carefully removed from 
the sample, "teased'' if covered with binder 
or in thick bundles, and mounted in oils with 
a refractive index above unity on glass 
slides. Careful PLM analysis, accompanied by 
the dispersion-staining technique, should make 
for proper identification of suspect fibers. 

Quantitation of asbestos concentration, es- 
pecially at low levels, is quite difficult for 
many laboratories. The accuracy of visual es- 
timation depends on the experience of the mi- 
croscopist. To date, no reference standards 
are available commercially for use in the 
training of microscopists. Studies made at 
the Research Triangle Institute indicate that 
the technique of point counting makes for much 
higher precision and accuracy in the quantita- 
tion of asbestos.* Pinch samples of the homog 
enized sample are permanently mounted on glass 
slides with either epoxy or commercially avail- 
able high-dispersion mounting media. A point- 
counting stage and cross-hair reticle are> 
used and counts are made along longitudinal 
traverses of the slide. A minimum of 300 
points should be counted. This method was 
tested with prepared reference materials con- 
taining known concentrations (by weight) of 
asbestos and also "real-world" construction 
materials that had been quantitated by several 
experienced microscopists using the visual- 
estimate method. Results show point counting 
to be a viable method for quantitation of ma- 
terials. 


Cone lustons 


A well-trained microscopist experienced in 
asbestos analysis can correctly identify and 
semi-quantify asbestos even if it is present 
at low concentrations. PLM remains the most 
efficient, inexpensive, and quickest method 
for analysis of friable bulk materials. Nearly 
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all errors in analysis may be attributed to 
improper sample preparation and to microscop- 
ists lacking proper training in optical micros- 
copy and/or asbestos analysis. 
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TABLE 1.--Summary of laboratory performance in analysis of (a) samples having low concentrations 
of asbestos, (b) asbestos substitutes, (c) asbestos type not commonly seen in construction 


materials. a. Samples with Low Concentration of Asbestos 
Number of Number of | % 
Labs Tested False Negatives Error 
Sample Description EPA EPA NAVY EPA NAVY 
Ceiling tile - 3% 
Amosite, 85% Mineral 1134 | 85 | i pees: 6.6 
woo | 


Ceiling spray - 3% 
Chrysotile, Calcareous 753 | 84 11.2 --- 
binder | 

Loose-fill insulation, 2% 
Chrysotile, Mica, 616 104 58 48 | 9.4 46.2 
Gypsum 


b. Samples Containing Asbestos Substitutes (asbestos-free) 


Number of Number of % 
Labs Tested False Positives Error 


Sample Description NAVY NAVY NAVY 


Ceiling spray containing 
5% polyethylene fibers | 1094 38 350 15 32.0 39.5 


c. Asbestos Sample (Anthophyllite) 


Number of ID 
Errors and 
% Error 


Number of 
False Negatives 
and % Error 


Number of 
Labs Tested 
Sample Description EPA 


Anthophyllite (90%+) 
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DEVELOPMENT OF LM/SEM/TEM METHODS FOR THE QUANTITATIVE 
ANALYSIS OF AIRBORNE GLASS FIBER LEVELS 


J. A. Davis and M. R. Kalinowski 


Several analytical methods are available for 
the determination of airborne asbestos fiber 
concentrations.?~* These procedures include 
National Institute of Occupational Safety and 
Health (NIOSH) methods Nos. 7400* and 7402,° 
which call for the use of phase-contrast light 
microscopy (PCLM) and transmission electron mi- 
croscopy (TEM), respectively. At present, no 
corresponding scanning electron microscope (SEM) 
based method is available. 

Our laboratory has been involved in the de- 
velopment and implementation of analogous tech- 
niques for the quantitative analysis of air- 
borne glass fibers. Many of the approaches in- 
vestigated were based on published procedures 
for the examination of asbestos. Our work has 
shown that these techniques do not necessarily 
give consistent results for fiberglass. To ad- 
dress this situation, specific new methods were 
developed in-house. A key goal of this work 
was the ability to carry out PCLM, SEM, and TEM 
analyses sequentially on separate sections of 
the same filter sample. The application of all 
three techniques was deemed necessary to assess 
the number and size of any glass fibers that 
might be missed by a given instrument. 


Experimental 


All the PCLM work was performed by the NIOSH 
7400 method for airborne asbestos. Samples 
were collected by area or personal air sampling 
to draw a fixed volume of air through a 25mn- 
diameter mixed cellulose ester (MCE) filter with 
a 0.8um pore size, Nominal flow rates and times 
were 2 1/min for 0.3-12 h, depending on the fi- 
ber and dust loadings in the area being sampled. 
A section of the resultant sample was cut, 
placed on a glass slide, then optically cleared 
by exposure to acetone vapors. A refractive in- 
dex matching fluid, triacetin, and a cover slip 
were then placed on the filter. Each sample was 
examined at 400x with the aid of a Leitz phase 
contrast light microscope. Actual fiber dimen- 
sions were measured by a Filar digital eyepiece 
interfaced to a personal computer. Glass and 
"other" fibers were differentiated on the basis 
of morphology. 

Although several SEM techniques were evalu- 
ated, the most reliable approach involved the 
use of a method modeled after a TEM procedure 
published by Burdett and Rood.? This approach 
used a 35% dimethylformamide/15% acetic acid/ 
50% distilled water solution to collapse the 
filter partially and so to provide a smooth sam- 
ple that holds the fibers in place. . Low-temper- 
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ature ashing was then employed to remove the 
uppermost surface of the filter and expose 

all the collected fibers. The resultant sam- 
ple was coated with a layer of carbon fol- 
lowed by 60% gold/40% palladium. The SEM 
analyses were carried out by one of two 

means. The first approach involved using a 
JEOL T-300 SEM operated at 1000 (to insure the 
same field of view as the graticule area in 
the light microscope). Typically, 60-100 pho- 
tomicrographs were taken on roll film and 

then printed as approximately 5 x 7in. prints. 
Any fibers present were manually measured di- 
rectly from the photos. The second approach 
relied on a Cambridge S-90B SEM interfaced to 
a Quantimet 970 automated image analyzer 
(AIA). Here the SEM was operated at 1100~x to 
provide an image that was then digitized and 
transferred to the AIA. The actual fiber 
counts and measurements were then carried out 
in a semi-automated fashion: an operator 
pointed out specific features of interest to 
the instrument, which then mad all the neces- 
sary measurements. 

The TEM sample preparation was performed by 
Oritz and Isom's method for asbestos analy- 
sis.* A section of the same MCE filter used 
for the LM and SEM studies was collapsed by 
exposure to acetone vapors. The resultant 
sample was then coated with carbon in a vacuum 
evaporator. Approximately 2.5 x 2.5mm por- 
tions of the collapsed membrane were placed on 
200-mesh Formvar-coated TEM grids that had 
been placed on 8mm cubes of polyurethane 
sponge. To dissolve any remaining filter ma- 
terial, these assemblies were then placed in 
a covered petri dish with a 6mm layer of ace- 
tone in the bottom of the container. A Phil- 
ips 400 TEM was used to examine each grid. 


Results 


Figure 1 is a PCLM photomicrograph of a, 
glass fiber from a typical sample. The fila- 
ment is a prominent feature inside the grati- 
cule used to define the analysis area. To 
date, this approach has been applied to over 
1300 samples and has been found to offer rapid 
and reproducible results. Analogous SEM and 
TEM images are given in Figs. 2 and 3. In 
both cases, the fibers are readily distinguish 
able from the filter background. Several air- 
filter samples have been subjected to parallel 
studies by PCLM, SEM, and TEM. Table 1 lists 
measured glass fiber concentration (in fibers 
per square millimeter of filter area) for sam- 
ples from a typical series of Owens-Corning 
Fiberglass insulations. Each of the three 
techniques used here gives equivalent results, 


TABLE 1.--A comparison of PCLM, SEM, and TEM 
results for airborne glass fibers. 


Measured Fiber Concentrations * 


Sample PCLM SEM TEM 
1 18 (9-29) 23 (14-35) 19 (8-39) 
2 Pi (14509); 22-4138)! “22> (7s49 
3 69 (48-89) 52 (37-73) 97 (64-142) 


*All results are in fibers/square millime- 
ter of filter area; 95% Poisson confidence 
levels are given in parentheses, 


within the Poisson-distribution counting sta- 
tistics that govern this type of data. This 
result is significant because it demonstrates 
that, unlike the various types of asbes- 

tos, LM is fully capable of resolving and 
counting the range of glass fibers present in 
these samples. 


Conelustons 


A series of analytical methods originally 
intended for the determination of airborne as- 
bestos has been successfully applied to the 
study of glass fibers. These techniques have 
been used to examine numerous samples contain- 
ing glass fibers from products manufactured by 
Owens-Corning Fiberglas. The resultant data 
have shown that the three techniques do give 
statistically equivalent results, contrary to 
what has been observed for the asbestiform 
minerals. 
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FIG, 1.--Phase contrast light microscope image 
of glass fiber within area defined by Walton- 
Beckett graticule. 

FIG. 2.--Scanning electron microscope view of 
glass fiber on surface of collapsed mixed cel- 
lulose ester filter. 

FIG, 3.--Transmission electron microscope image 
of glass fiber collected during air sampling. 
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GUIDELINES FOR REFRACTIVE-INDEX MEASUREMENTS OF ASBESTOS 


J. R. Verkouteren, J. M. Phelps, and E. B. Steel 


Refractive index is one of the primary optical 
properties used to identify minerals by polar- 
ized light microscopy. It is used (in conjunc- 
tion with the other optical properties of mor- 
phology, pleochroism, extinction, birefrin- 
gence, and sign of elongation) to identify 
uniquely the type or types of asbestos present 
in bulk materials.+ Through our association 
with the Bulk Asbestos Laboratory Accredita- 
tion Program,? we have received requests from 
hundreds of laboratories for technical assis- 
tance in bulk asbestos analysis. Many of 
these requests are for information on the mea- 
surement of refractive index, specifically by 
the focal screening (dispersion staining) and 
Becke line techniques. Although many books and 
articles discuss both techniques, we thought 

it would be useful to provide a review of the 
techniques and of their application to asbes- 
tos analysis. We have developed Standard Ref- 
erence Materials (SRMs) of chrysotile, amosite, 
and crocidolite (SRM1866)* to serve labora- 
tories as primary calibration standards for 
the measurement of the optical properties of 
asbestos, including refractive index. These 
materials are discussed and used as examples 

to explain the application of focal screening 
and the Becke line technique to refractive- 
index measurement. 


Review of Methodology 


The refractive index n of a substance varies 
with wavelength; the effect is referred to as 
dispersion. In the case of normal dispersion, 
refractive index decreases with increasing 
wavelength (Fig. 1). To report the refractive 
index of any material in a way that allows com- 
parison with other data and other materials, ei- 
ther the dispersion must be numerically described 
(which requires refractive-index measurements 
at various wavelengths), or a single wavelength 
must be chosen as the standard at which to re- 
port refractive index. Sodium vapor lamps, 
which emit monochromatic light with a wave- 
length of 589.3 nm (a doublet at 589.6 nm and 
589.0 nm) are one of the primary light sources 
used for the measurement of refractive index. 
As a result, it is the standard convention to 
report the refractive index at 589.3 nm (np), 


The authors are at the Center for Analyti- 
cal Chemistry at the National Institute of 
Standards and Technology, Gaithersburg, MD 
20899, Certain commercial equipment is identi- 
fied to specify procedures adequately. Such 
identification does not imply recommendation by 
the National Institute of Standards and Tech- 
nology, nor does it imply that this equipment 
is the best available for this purpose. 
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FIG, 1.--Dispersion curves for isotropic solid 
and liquid showing normal dispersion. Disper- 
sion curves of immersion liquids are typically 
steeper than those of solids. 


The measurement of refractive index by po- 
larized light microscopy is a comparative tech- 
nique; a solid of unknown refractive index is 
compared with a liquid of known refractive in- 
dex. Several techniques have been developed 
to characterize the degree of match between the 
two, the most common of which are the observa- 
tion of relief,*~’ the Becke line technique,*~’ 
and focal screening (also referred to as dis- 
persion staining).°~*° A1l these techniques 
are immersion techniques (the solid is immersed 
in a liquid) and require the use of a light 
microscope; polarized light is required for the 
analysis of anisotropic materials (e.g., as- 
bestos). 

The relief (edge contrast) of a solid as 
viewed through the polarized-light microscope 
depends on the difference in refractive index 
between the solid and the liquid in which it is 
immersed. When the two indices are very dif- 
ferent, the relief of the solid is high; when 
they are very close, the relief of the solid is 
low. Techniques such as oblique illumination 
are used to enhance the relief of the solid in 
order to determine more precisely when the re- 
fractive index of the solid equals that of the 
liquid. If monochromatic light is used, the 
absence of relief is an indication of an exact 
match in refractive indices at the wavelength 
of the incident light. 

Monochromatic light is not typically used in 
optical microscopy; the most common illumina- 
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FIG. 2.--Association between liquid-solid refractive-index matches at wavelengths other than 


589.3 nm, and differences in np. Solid line = 


solid with np = 1.678; dashed line = immersion 
liquid np = 1674; dash-dot line = immersion liquid with np = 1. 675. 


Liquid 1.672 crosses solid 


dispersion curve at 515 nm (reddish magenta central stop color’); solid Np > liquid np. Liquid 
1.682 crosses curve at 665 nm (bright blue-green central stop color? ); solid np < liquid Np- 
FIG. 3.--Origin of Becke-line and focal-screening colors through refraction of light at grain 


boundaries (adapted from Bloss*). 


Grain (G) and liquid (L) match in refractive index at 550 nm. 


Light at 550 nm is not refracted; all other wavelengths are refracted either toward grain 


(wavelengths >550 nm) or toward liquid (wavelengths <550 nm). 
(b) focal screening technique: 


light leaving grain is observed; 
focal screen before reaching observer. 


tion is white light (with a blue daylight fil- 
ter). However, as stated earlier, the refrac- 
tive index reported for a material is np. The 
Becke-line and focal-screening techniques al- 
low the determination of a wavelength-specific 
refractive index under white light. The 

Becke line technique is used to determine the 
refractive index of the solid at approximately 
589.3 nm (np); focal screening, at any wave- 
length in the visible range. If the refractive 
index is determined at a wavelength other than 
approximately 589.3 nm, an important point 

must be remembered: the refractive index of 

the liquid also varies with wavelength. The 
Cargille immersion liquids are characterized, 
following standard convention, by their np. 

Tf the liquid and solid match at any wave- 
length other than approximately 589.3 nm, the 
Np of the solid is not equal to the np of the 
liquid (i.e., the refractive index as listed 

on the bottle). If the liquid and solid match 
at a wavelength below 589.3 nm, the np of the 
solid is greater than the np of the liquid; 
conversely, if the liquid and solid match at a 
wavelength above 589.3 nm, the np of the solid 
is less than the np of the liquid (Fig. 2). 
(This relationship holds only if the dispersion 
of the liquid is steeper than the dispersion of 
the solid, which is the case for the common im- 
mersion liquids.) 

The Becke-line and focal-screening techniques 
are very similar; they are simply different ways 
of viewing the same phenomenon—the refraction 
of light at grain boundaries. When white light 
is refracted at the grain bounday, light of one 
wavelength range is refracted toward the grain 
and light of a different wavelength range is re- 
fracted toward the liquied (Fig. 3), depending on 
the wavelength at which the grain and liquid 


430 


(a) Becke line technique: all 
some wavelengths are removed by 


match in refractive index. This process pro- 
duces lines on the edge of the grain that are 
colored if the dispersion curve of the liquid 
and the grain intersect in the visible light 
range. (The colors of the visible spectrun, 
and their associated wavelength range, are 
given in Table 1.) In the case of most asbes- 
tos fibers, the entire fiber bundle appears 
colored because it consists of many fibrils 
with many edges. 


TABLE 1.~--Observed color and associated wave- 
length range.?+ 


Observed color Wavelength (nm) 


Violet 380-450 
Blue 450-490 
Green 490-560 
Yellow 560-590 
Orange 590-630 
Red 630-760 


In the Becke-line technique, all the light 
leaving the grain boundary is observed, and there- 
fore the colors of the Becke lines are pro- 
duced by a range of wavelengths. If the grain 
and liquid match in refractive index at 550 
mm, light ef all wavelengths above 550 nm is 
refracted toward the grain and produces a 
Becke line whose color is a combination of 
colors from green to red (Fig. 3a). Light of 
wavelengths below 550 nm is refracted toward 
the liquid and produces a Becke line whose 
color is a combination of colors from green to 
violet. The specific colors associated with 
different matching wavelengths are given in 
Bloss* (page 59) and are converted to a dif- 
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FIG, 4.--Refractive-index measurements of approximately 60 fiber bundles of amosite SRM by 
double-variation technique; y' is parallel to fiber length, a' is perpendicular to it. 
FIG, 5.--Refractive-index measurements of approximately 60 fiber bundles of chrysotile SRM by 


double-variation technique; y' is parallel to fib 


ference in np between the grain and the liquid, 
following the rationale described in Fig. 2. 
The Becke-line technique requires no special 
equipment besides the polarized-light micro- 
scope, and can be performed in any of the com- 
mon immersion liquids. 

In the focal-screening technique, a screen 
in the back focal plane of the objective is 
used to filter out some of the wavelengths 
from the light leaving the grain boundary 
(Fig. 3b). An apertural (or annular) screen 
is used to remove all nonmatching wavelengths; 
a central screen is used to remove the match- 
ing wavelengths. In the case of the apertural 
screen, the wavelength at which the solid and 
liquid match in refractive index is determined 
by conversion of the observed color to its 
corresponding wavelength, or range of wave- 
lengths (i.e., an observed green color gives a 
match at 500-520 nm).?2?° For the central 
screen, the observed color is complementary to 
the color of the wavelength at which the solid 
and liquid match in refractive index (i.e., an 
observed reddish-magenta color gives a match 
at 500-520 nm).?°?° ‘The conversion from ob- 
served color to corresponding wavelength can 
be found in references such as Bloss” and 
McCrone.*® Focal screening requires a screen 
or stop in the back focal plane of the objec- 
tive. It also requires knowledge of the dis- 
persion of the liquid, and, if only one mea- 
surement is made at a wavelength other than 
approximately 589.3 nm, it requires knowledge 
of the dispersion of the solid. Focal screen- 
ing can be performed in any immersion liquid; 
the use of the high-dispersion series is not 
required in this technique. 


Asbestos Standard Reference Materials 


Refractive indices were measured at two 
crystallographic orientations for chrysotile 
and amosite in SRM 1866; one parallel to the 
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er length, a' is perpendicular to it. 


fiber bundle (y') and one perpendicular to the 
fiber bundle (a'), Because individual asbestos 
crystallites (fibrils) are small compared with 
the wavelength of light in the visible range, 
measurements have to be performed on fiber bun- 
dies. Because the measurements are done on 
bundles of fibrils which are oriented randomly 
about the c-axis (long direction), and which 
may not be completely parallel to one another, 
the true a, 8, and y cannot be determined.+? 
The convention for reporting the refractive 
indices of asbestos minerals with parallel ex- 
tinction is to determine two indices, one par- 
allel to the bundle length and one perpendicu- 
lar to it. The higher value is reported as y' 
and the lower value is reported as a’. 

The double-variation technique, which is 
described in Bloss,° was used to make the re- 
fractive-index measurements. This technique 
involves the variation of the wavelength of 
the incident light, and variation of the tem- 
perature of the immersion liquid. At least 30 
individual fiber bundles were measured for each 
direction of chrysotile and amosite in order to 
determine any variation within the population. 

The results are shown in Figs. 4 and 5. The 
solid lines in both figures are the dispersion 
curves calculated by a least-squares fit of the 
data to a two-term Cauchy equation of the form 


n(A) = A + (B/A?) 


where n = refractive index, A = wavelength in 
nm, and A and B are constants. The dashed 
lines bounding the data are statistical mea- 
sures of the uncertainty in the data. They 
represent simultaneous tolerance intervals 
which cover 95% of the refractive index values 
at a 95% confidence level. The np values for 
the SRMs are as follows: chrysotile at = 1.549 
#0 005 5-¥ 1.556 + 0.005; amosite a! 
1.679 + 0.004, y* 1.701 + 0.004. The spread 
in the data is due to several factors, includ- 
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ing measurement error and true variation. Iden- 
tifiable sources of measurement error, such as 
the calibration of the immersion liquids, the 
wavelength filter, the temperature, and the ana- 
lysts, were characterized. 

The dispersion of crocidolite was not mea- 
sured because of crocidolite's strong absorp- 
tion in the visible range and resultant anoma- 
lous dispersion. Near and within an absorp- 
tion band, the dispersion of a material does 
not decrease with increasing wavelength in the 
manner shown in the previous figures, and the 
refractive index can vary widely within a small 
range of wavelengths .*?>>° Absorption in the 
visible also decreases the accuracy and preci- 
sion of any immersion method, ° specifically 
for refractive-index measurements within the 
absorption band. However, the observed opti- 
cal properties, including Becke line and focal- 
screening colors, are characteristic and can 
be used to identify crocidolite positively. 
Becke line and central-stop focal-screening 
colors for crocidolite in a series of immer- 
sion liquids are reported as information val- 
ues in the certificate for the SRMs.3 


Application of Becke-line and Focal-screening 
Teechntques 


Measurement of the refractive indices of 
multiple fiber bundles of the two materials by 
any appropriate technique should produce val- 
ues that fall within the tolerance levels of the 
data (dashed lines in Figs. 4 and 5). The mean 
of the measurements for any given wavelength 
should be very close to the fitted value (solid 
lines in Figs. 4 and 5). Multiple fiber bundles 
must be analyzed because of the natural varia- 
tion in the population. 
nique to measure the refractive indices of the 
chrysotile SRM, a subsample of the material is 
placed in an appropriate immersion liquid, such 
as a liquid with np = 1.550. The Becke line 
colors for the a' direction should indicate a 
match (orange-yellow and sky-blue (p. 59 of 
Ref. 4), whereas the Becke line colors for the 
y' direction should indicate that the np of 
the grain is approximately 0.005 higher than 
the liquid. Different immersion liquids can 
be used to determine the colors associated with 
different degrees of match with the liquid. 

The Np of a solid by focal screening can be 
determined in various ways. If the solid is a 
complete unknown, then three possible tech- 
nigues are: (1) change liquids until the focal 
screening colors indicate a match at approxi- 
mately 589.3 nm, i.e., np liquid = np solid; 
(2) construct dispersion staining curves 
(which are different from dispersion curves) 
as described by McCrone ,*° or (3) determine 
the dispersion curve of the solid for a range 
of wavelengths that includes 589.3 nm. All 
three techniques require measurements in more 
than one liquid. If the solid is not a com- 
plete unknown (i.e., its dispersion is charac- 
terized), then this information, in combina- 
tion with one measurement, permits the determ- 
ination of the np of the solid. 
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FIG. 6.--Application of focal screening tech- 
nique for refractive-index measurements of 
chrysotile SRM. Dispersion curve for immersion 
liquid with np = 1.550 intersects chrysotile y' 
dispersion curve at approximately 520 nm (A), 
producing reddish-magenta central stop color; 
it intersects chrysotile a' dispersion curve at 
approximately 615 nm (B), producing blue cen- 
tral stop color. 
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The first technique listed above is 
straightforward, If the first liquid produces 
focal screening colors that indicate a match 
at wavelengths above 589.3 nm, choose a second 
liquid with a lower np (Fig. 2); conversely, if 
the first liquid produces focal screening col- 
ors that indicate a match at wavelengths below 
589.3 nm, choose a second liquid with a higher 
np (Fig. 2). The second technique, the use of 
dispersion staining curves, is described in 
full in McCrone.?° 

The third technique, the construction of the 
dispersion curve(s) for the solid, requires 
that the dispersion of the liquid is known. 

The refractive index of the solid is determined 
by its intersection with the liquid-dispersion 
curve; therefore, if the focal screening colors 
indicate a match at a wavelength other than ap- 
proximately 589.3 nm, the refractive index of 
the liquid at that wavelength must be known. 
Immersion liquids provided by Cargille list the 
refractive index of the liquid at 656.3 nm (ng) 
and 486.1 nm (ng) in addition to np. These 
data can be plotted and a rough curve drawn be- 
tween the points, to allow the interpolation of 
the refractive index of the liquid at any wave- 
length in the visible range. (Hartmann disper- 
sion paper can be used to produce straight 
lines, instead of curves, for any material with 
normal dispersion.) This procedure is done for 
each liquid used in the determination of the 
dispersion curve of the solid. Each point on 
the solid dispersion curve is determined by the 
intersection with the liquid dispersion curve 
at the matching wavelength. 


432 
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persion curves of chrysotile and amosite are New York: Wiley, 1969. 

characterized, so that the determination of np 6. P. F. Kerr, Optteal Mineralogy, New York: 
for a' and y' of chrysotile and amosite re- McGraw-Hill Book Co., 1959. 

quires only one measurement in a liquid of 7. W. H. Phillips, Mineral Optics: Pritneti- 
known dispersion. If the refractive index for ples and Techniques, San Francisco: W. H. Free- 
chrysotile and amosite in any bulk sample, man and Co., 1971. 

measured at any wavelength, is consistent with 8. Y. A. Cherkasov, "Application of 'focal 
the certified value for that wavelength from screening' to measurement of indices of refrac- 
SRM 1866, then np for chrysotile and amosite tion by the immersion method," Int. Geol. Rev. 
in the bulk sample is equal to np for chryso- 2: 218-235, 1960. 

tile and amosite in the SRM. For example, the 9. F. D. Bloss, The Spindle Stage: Prinet- 
matching wavelength for a' of a suspected ples and Practice, Cambridge: Cambridge Univer- 
chrysotile sample in a particular immersion sity Press, 1981. 

liquid is 460 nm, and the refractive index for 10. W. C. McCrone, Asbestos Identtficatton, 
the liquid at that wavelength is 1.560. There- Chicago: McCrone Research Institute, 1987. 
fore, the refractive index of a' of the chryso- 11. The Setence of Color, Committee on Color- 
tile sample at 460 nm is 1.560. This value is imetry, Optical Society of America, 1963. 
consistent with the refractive index for the 12. A. Wylie, "Optical properties of the 


chrysotile SRM a! at 460 nm, which is 1.559 + fibrous amphiboles," Ann. N.Y. Academy Sev., 
0.004. Therefore, np of chrysotile a' in the 1979, 611-619, 
sample is equal to np of chrysotile in the SRM, 
which is 1.549 + 0.005. If the measured value 
of either crystallographic direction is not con- 
sistent with the certified value, the analyst 
must consider the fiber an unknown and determine 
Np as described earlier for unknown materials. 
The SRMs can also be used to help analysts 
calibrate themselves in the determination of the 
color (and hence matching wavelengths) of focal- 
screening and Becke-line colors. Figure 6 shows 
the dispersion curves of the chrysotile SRM and 
the dispersion curve for one of the liquids 
used in our laboratory. The dispersion curve 
of the liquid intersects the chrysotile y' 
dispersion curve at approximately 520 nm (A), 
and the a' dispersion curve at approximately 
615 nm (B). Therefore, the y' direction 
should display a reddish-magenta central stop 
color, and the a' direction should display a 
blue central stop color.???° The analyst 
should determine the wavelength(s) at which 
their own immersion liquid(s) cross the solid 
dispersion curve for the SRM, and then use the 
color-to-wavelength conversion charts given in 
Bloss® and McCrone,?° or any other suitable 
reference, to determine the color associated 
with the matching wavelength. The SRM should 
then be placed in that particular immersion 
liquid, and the focal screening colors ob-~- 
served. 
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10 
New or Emerging Microprobes 


APPLICATION OF BACKSCATTER KIKUCHI DIFFRACTION FOR PHASE IDENTIFICATION 
AND CRYSTAL ORTENTATION MEASUREMENT IN MATERIALS 


D. J. Dingley, R. Mackenzie, and K. Baba-Kishi 


The first backscatter Kikuchi diffraction pat- 
terns recorded directly on photographic film 

in a scanning electron microscope were obtained 
in 1981. The considerable detail and wide 
angular range covered in each pattern suggested 
an immediate application for phase identifica- 
tion (Fig. 1). On-line orientation measure- 
ment and internal train measurement followed 
later. Since then further development has been 
along two lines: (1) the implementation of on- 
line and off-line computer methods, (2) appli- 
cation to a varied range of materials including 
metals, ceramics, semiconductors, and minerals, 
to establish the limitations of the technique. 


Ortgin of Backseatter Ktkuchi 


The principles of backscatter Kikuchi dif- 
fraction (BKD) are somewhat different from 
those of the more usual diffraction methods. 

To obtain the patterns the incident beam is fo- 
cused and held stationary on a selected area 

of the specimen. Beneath the surface, elec- 
trons diverge into the specimen to strike crys- 
tal planes at all possible angles of incidence. 
Some satisfy the Bragg condition for diffrac- 
tion and pass out of the crystal to form the 
diffraction pattern. To visualize this process 
consider a divergent point source of monochro- 
matic radiation emerging from a point close to 
the specimen surface (Fig. 2). The rays that 
satisfy the Bragg condition for a particular 
set of planes are seen to lie on the surface 
of a cone. The cone axis is normal to the 
planes and the cone semi-angle is equal to 1/2 
minus the Bragg angle. There are in fact two 
cones for each set of planes, corresponding to 
diffraction from the upper and lower surfaces 
of the planes, respectively. 

Outside the crystal one images the cones by 
placing a photographic film or scintillating 
screen to intercept them. The recorded pattern 
thus consists of pairs of conic sections (hy- 
perbola), the distribution of which describes 
the arrangement of crystal planes and the in- 
tensities of which are a function of the crys- 
tal structure. The basic elements for phase 
identification and crystal orientation measure- 
ment are therefore inherent in the pattern. 
However, considerable caution has to be exer- 
cised in interpretation because of dynamical 
diffraction effects, geometrical distortion due 
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to the form of projection, and an angular res- 
olution in the pattern of no better than 0.2°. 

In practice the divergent source is of 
course not monochromatic but contains all 
electron energies from a few electron volts to 
the incident beam energy. However, the spread 
is localized into two regions, one below 100 
eV and the other within a few hundreds of eV 
below the incident beam energy. Only elec- 
trons in the latter region contribute to the 
pattern; all others produce a diffuse back- 
ground. This spread in energies contributes 
to the line broadening and is the chief factor 
limiting the precision of lattice parameter 
measurements to 1%. 

Likewise, the electron source is not an in- 
finitesimal point. It has a radius equal to 
that of the incident beam plus the radial dis- 
tance traveled by the electrons before they 
have lost between 100 to 200 eV of energy; 
i.e., that energy loss limit above which they 
no longer contribute significantly to the dif- 
fracted intensity. The Bethe equation can be 
used to calculate this range." For a material 
such as copper and for an incident beam energy 
of 30 keV it is found to be of the order 20 
mn. In a standard SEM, fitted with a tungsten 
filament, the minimum source size under these 
conditions is therefore typically 50 nm. Pat- 
terns have in fact been obtained from single 
gold particles of this size. However, ina 
bulk polycrystalline sample the smallest in- 
dividual grain from which patterns have been 
obtained is 200 nm.° 


Experimental 


Pattern Detectton,. The essential SEM speci- 
men chamber geometry is shown in Fig. 3. The 
specimen is inclined so that the surface normal 
points 70° from the incident beam direction, 
which allows the backscattered electrons to 
scatter forward onto the imaging screen or 
photographic film positioned vertically 40-50 
mn from it. The phosphor is viewed from the 
rear with a low-light-level television camera 
system capable of producing a useful image at 
illumination levels of 10°* lux, This is the 
light level available on the screen when the 
SEM is operated under normal conditions of 30 
keV accelerating voltage and beam current of 
1 nA. The screen is placed close to the speci- 
men to insure a capture angle larger than 50°, 
though some compromise between closeness and 
size of screen has been found necessary to 
avoid interference with the normal specimen 
stage movements. Both P20 polycrystalline 
phosphor and YAG single-crystal screens have 
been tried; the former is preferred because of 
its better response at low electron energies. 
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Both screen types were coated with 5 nm of 
aluminum to avoid electrostatic charging. 


Direct Recording of Backscatter Ktkucht Pat- 
terns on Film, It was noted as early as 1979 
that the quality of BKP recorded directly on 
film was very much better than that observed 
directly on a phosphor screen even after image 
processing.+ A multiplate film camera was thus 
built to expedite recording of such pictures. 
The camera was integral with the specimen cham- 
ber and held ten cassettes loaded with cut 
sheet film. A cassette was moved into the rec- 
ord position directly in front of the phosphor 
screen by sliding it along guide rails with the 
use of a push rod operating through a vacuum 
seal. Withdrawal of the cassette automatically 
loaded the next one onto the guide rails. When 
in position, the film lay 42 mm from the speci- 
men. The angular range captured by the dif- 
fraction patterns was 90° across corners. 


Microscope Operation, Apart from the re- 
quirement to tilt the specimen toward glancing 
incidence when obtaining a diffraction pattern, 
the operational procedures of the SEM were un- 
altered. It was found convenient to mount the 
specimen in a special holder so that it was 
permanently inclined at a tilt angle of 70° to 
the incident-beam direction. The specimen is 
then imaged in secondary-electron or backscat- 
tered modes as appropriate, though the back- 
scattered signal from such a steeply inclined 
specimen is often weak. In the latter case the 
image could be improved by positioning of the 
backscattered detector in a forward scattering 
position in front of the specimen. A diffrac- 
tion pattern is obtained by simple positioning 
of the incident beam as a stationary probe on 
the selected area, No other microscope condi- 
tions have to be altered. Typical settings for 
TV imaging are 30 keV operating voltage, 1 nA 
beam current, 40 nm probe diameter. The set- 
tings for direct recording on film are 30 keV 
operating voltage, 0.5 nA beam current, 20 nm 
probe diameter, 10 s exposure. These figures 
relate to a JEOL 840 SEM used with a tungsten 
filament. 


Sample Preparatton, One advantage of BKD in 
the SEM over diffraction methods in the trans- 
mission electron microscope is that the pat- 
terns can be obtained from bulk samples. Sam- 
ple preparation is thus in comparison a rela- 
tively straightforward procedure and normal 
metallographic methods can be employed. How- 
ever, as the patterns originate within 50 nm of 
the surface, it is necessary to remove any me- 
chanical deformation, oxide films, or contami- 
nants produced during the preparative treat- 
ments. <A clean surface is essential for high- 
quality images. 

Metals were prepared by standard metallo- 


tors were prepared as for metals with a final 
chemical polish in a suitable reagent. Brit- 
tle materials, which included many minerals, 
were simply fractured and the fresh fracture 
surface was examined. However, for quantita- 
tive work a flat surface was required and was 
prepared as for metal samples finishing with 
the colloidal silica solution. In some cases 
ion beam milling was preferred. It removed 
any residual mechanical polishing damage and 
also etched the surface to reveal the micro- 
structure. 

Extreme electrostatic charging of insulat- 
ing materials during examination in the SEM 
prevented the patterns from being observed. 
However, the high tilt of the specimen needed 
for BKD was often found to reduce these ef- 
fects as did operating at low voltage. To- 
gether, this meant that in nearly all cases 
the diffraction patterns could be observed for 
at least a limited period. Coating the speci- 
ments to avoid charging was not always a via- 
ble option as the coating also reduced the 
pattern contrast. Carbon, aluminum, and ti- 
tanium coatings were tried. 


Techniques 


On-line Texture Analysts. Use of the dif- 
fraction system for texture analysis has now 
been applied to cubic, hexagonal, triagonal, 
and orthorhombic crystals.*?°°? The technique 
employed is basically the same in each case 
and requires superimposing a movable cursor 
generated from a microcomputer onto the TV im- 
age of the diffraction pattern (Fig. 4). The 
cursor is positioned successively at different 
zone axes in the diffraction pattern such as 
at A in the figure, which permits their po- 
sitions in terms of screen coordinates to be 
measured, From these data the pattern is 
automatically identified and indexed, and the 
grain orientation is determined. To carry out 
the requisite calculations, the positions of 
the zone axes must be described in terms of 
vectors drawn from the origin of the diffrac- 
tion pattern in the specimen, the electron 
source point, onto the screen. 

Three coordinate systems are thus set up, 
one to define the screen coordinates, one cen- 
tered at the source point defining the micro- 
scope coordinate system, and a third to define 
the specimen orientation (Fig. 5). We label 
the screen system XS, YS, ZS; the source sys- 
tem, RX, RY, RZ; and the specimen system, XT, 
YT, ZT. The origins of the source system and 
the specimen system coincide. The origin of 
the screen system is the diffraction pattern 
center. The projection of the source point 
onto the screen defines the pattern center: 
RX, RY, RZ are made parallel to the XYZ speci- 
men shift movements. RY is parallel to the 


graphic procedures with a final polish using 
lum diamond paste. The samples were then ei- 
ther electrochemically polished, or, for hard 
materials, mechanically polished further in a 
colloidal suspension of 20nm-diameter silica 
particles in an alkaline solution. Semiconduc- 


optic axis of the microscope. XT is horizon- 
tal in the specimen surface and ZT normal to 
the specimen surface. With the specimen facing 
the screen and tilted so that ZT is 20° from 
the optic axis of the microscope, the relation- 
ships between the systems are XT parallel to XR 


436 


and XS, YR parallel to YS, and ZM to ZS. 2ZT 
lies in the YR-ZR plane inclined 20° above the 
ZR axis. Experimentally the relationships 
were determined by calibration. 

Calibration is carried out with a silicon 
single-crystal wafer oriented with [001] normal 
to its surface, mounted into the microscope on 
a pretilted holder and rotated so as to face 
the phosphor screen. The pretilt is 70.5° 
from the horizontal, which brings the [114] 
crystal direction (zone axis) normal to the 
imaging screen. If a cleaved edge of the sili- 
con is placed in the horizontal plane, the 
(110) crystal plane lies vertically. The posi- 
tion of the [114] zone axis thus defines the 
pattern center and the line joining the [114] 
and [111] zone axes defines the vertical axis, 
i.e., YS and YM. The specimen to film dis- 
tance d is given by 


d = R/(tan 8) 


where R is the distance in screen coordinates 
between the [114] and [111] axes and 6 is the 
angle between them. The pattern center and d 
together define the position of the origin of 
the reference and specimen axes systems in 
terms of screen coordinates. From this infor- 
mation each zone axis located in the diffrac- 
tion pattern can be redefined in terms of vec- 
tors drawn from the origin of the reference 
system. The arc cosine of the scalar product 
of two such vectors gives the angle between 
them. Normally, the indexes of the first zone 
axis selected are input to the computer. From 
the measured angle between the two zone axes 
the indexes of the second axis can then be 
found by reference to a look-up table of known 
interzone angles for that particular crystal. 
In some instances, by locating more than two 
zone axes, one can identify the crystal index- 
es of the zone axes without the need to input 
those of the first zone axis. This identifica- 
tion is achieved by comparing the measured 
angles with those in the look-up table and in- 
terchanging trial indexing until a consistent 
match is produced. However, because the error 
in interaxis measurement was no better than 

1°, and pairs of interaxis angles are often the 
same within this limit, unambiguous identifica- 
tion could not always be achieved. The former 
method is thus preferable. 

Having identified two zone axes, one can 
calculate an orthogonal set of crystal direc- 
tions by taking successive vector products. 

Let the two zone axes, in terms of crystal vec- 
tors, be denoted by the vectors Ml and M2, and 
in terms of vectors referred to the reference 
coordinate system by SI and 52, respectively. 
The orthogonal set in terms of crystal coordi- 
nates is given by Ml, M1xM2, -M1xM2xM1. Simi- 
larly, in terms of the reference coordinate 
system, corresponding vectors are Sl, Sl x S2, 
~S1xS2xS1. The angles wl, w2, w3, respective- 
ly, between these vectors and the screen nor- 
mal z are then given by the arc cosine of the 
scalar products Sl+z, S1xS2+z and -S1xS2xS1°z. 
The vector z has components 0,0,1. The crys- 
tallographic vector Al normal to the screen can 
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then be found by solution of the simultaneous 
equations Al*Ml = cos wl, Al*Mi M2 = cos wl, 
Al*M1xM2xM1 = cos wl. Two further orthogonal 
vectors, the vertical and horizontal screen di- 
rections A2,A3, are similarly determined. The 
orientation of the diffraction pattern with re- 
spect to the screen is thus established and 
given by a matrix in which Al1,A2,A3 are column 
vectors. The absolute orientation of the grain 
is then finally obtained by operating on the 
orientation matrix with a rotation matrix re- 
lating the reference coordinate system (which 
as described above was made parallel to the 
specimen axes) to the screen orientation. 

When determining the orientation of hexa- 
gonal crystals an additional procedure is nec- 
essary to convert the standard four-index no- 
tation for the crystallographic directions 
into a three-index orthonormal notation. 

Examples of orientation distributions in 
copper and stainless steel obtained by this 
method are shown in Fig. 6. 

The principal errors in measurement of the 
crystal orientation arise from the pixel size 
of the computer graphics system, nonlinearity 
of the television camera, and errors in: the 
knowledge of the orientation of the specimen 
mounted within the microscope. 

The angular range across one pixel varies 
according to the location of the pixel with 
respect to the diffraction pattern center. 
Close to the center it is 0.23°; at the peri- 
phery of the pattern it is 0.9°. The nonlin- 
earity of pin-cushion distortion of the camera 
is worst at the edges and can reach a maximum 
of 5 pixels. Experiment has shown that the 
sample can be located to within +1° on repeat- 
ed mountings in the specimen stage. Overall, 
if only zone axes close to the pattern center 
are used, the absolute orientation measurement 
can be within +1°. Relative orientation mea- 
surements can be obtained to a precision of 
about half of the above, since the error in 
location of the specimen in the microscope is 
eliminated. 


Crystal Structure Measurement, The method 
of directly recording BKPs on film has been 
used mainly for obtaining point group and 
space group information. The interpretation 
of the patterns followed a prescribed routine 
but was by no means identical in each case. 
The general principles are outlined here. De- 
tails can be found in papers devoted to this 
aspect of the work.°~+ 

As with orientation determination, the 
first step was to determine the pattern center 
and specimen to film distance; the preferred 
method was again use of a silicon calibration 
specimen, In this case the pattern was re- 
corded on film and the position of the [114] 
zone axis, which identified the pattern center 
as before, was found with respect to two fidu- 
cial points. The fiducial points were shadows 
cast from two pins rigidly fixed to the camera 
body so that they would always be in the same 
relative position on each exposure. The cali- 
bration diffraction pattern from silicon is 
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FIG, 1,.--BKP from GaAs. 
PIG, 2.--Illustration of formation of diffrac- 
tion cones from point source of divergent beam 
radiation. 

FIG. 3,.--Illustration of specimen, screen, 
camera arrangement for imaging BKP in an SEM. 
FIG, 4,--Photograph of TV screen with live image of BKP. Pattern has been indexed by computer 
following orientation determination. 

FIG, 5.--Illustration of coordinate measuring systems for on-line interpretation of BKP. 

FIG, 6.--Stereographic pole figures showing plane orientations in annealed copper and stainless 
steel: (a) [100] copper, (b) [111] copper, (c) [100] stainless steel, (c) [111] stainless 

Steel, 
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shown in Fig. 7 and a montage of two diffrac- 
tion patterns from zinc in Fig. 8. A brief 
outline of the analysis of the zinc pattern 
follows to illustrate the method for space 
group identification. It is conducted as 
though the structure were unknown. 

In the analysis of the pattern it was fre- 
quently necessary to measure interzone and in- 
terplane angles. This measurement was achieved 
in the same way as for on-line interpretation 
of patterns, i.e., by measuring the coordinates 
of zone axes with respect to the pattern cen- 
ter and transposing them into vector form with 
reference to a coordinate system located at the 
point where the pattern originates in the speci- 


FIG. 7.--BKP from silicon used for calibration 


purposes. 
FIG. 8.--Montage of two BKP from zinc. 
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men. The interzone angles were obtained from 
the scalar product of the vectors. The inter- 
plane angles were calculated by first obtain- 
ing the cross product of two vectors in each 
plane and then taking the scalar product of 
the resultants. 

The BKP in Fig. 8, with a total angular 
range of 120°, is a montage of two patterns 
from a freshly cleaved zinc crystal. To ob- 
tain the crystal point group we begin with 
analysis of the upper half of the montage. 

The easily recognized prominent zone axis, la- 
beled A, is characterized by the intersection 
of six mirror planes. The interplane angles 
were found to be 30°. The zone axis A must 
therefore be a hexad, so that the only possi-~ 
ble point groups are 6mm or 6/mmm. To dis- 
tinguish between them the Kikuchi band 90° 
from A and passing through C B was examined 
and found to be a mirror. Zone axes C and B 
were diads so that the point group was 6/m 2/m 
2/m, i.e., 6/mmm. As zone axes A must have 
the hexagonal index [0001], zone axes B or C 
could be either [1010] or [2110]. To distin- 
guish between them we note that C has far more 
Kikuchi bands passing through it than B, 

which means that there are more low-index 
planes normal to C. Inspection of a standard 
stereographic figure shows that if we include 
all reflections with indexes lower than those 
given by the condition h? + k? + 12 = 21, then 
[2110] has 9 planes normal to it and [1010] 
has 5. It is likely therefore that zone axis 
C is [2110]. To confirm this result, the in- 
teraxis angles between each of the zone axes 
labeled (1-11) and A were measured and listed 
as in Table 1. The d-spacings of the Kikuchi 
lines rs st were next calculated and found to 
be 0.13 and 0.25 nm, respectively. The Kiku- 
chi line rs was labeled as (1210) so that the 
calculated lattice parameter a was found to 
be 0.26 nm. Likewise, st was labeled as 
(0001), giving the c parameter as 0.25 nm. 

The c/a ratio so found was then used to calcu- 
late the interaxes angles between zone axes 
(1-11) and A. The second column of Table 1 
shows the values obtained. If the indexing 
had been correct a direct correspondence be- 
tween measured and calculated angles would be 
observed. In this first attempt no corre- 
spondence exists. However, a retrial with st 
relabeled as (0002) shows good correspondence. 
We conclude that we have arrived at the cor- 
rect indexing and that the correct value of 
the c parameter is 0.5 nm and the c/a ratio 
1.92. There are now sufficient data to simu- 
late the diffraction pattern using a suitable 
computer program. A line-by-line comparison 
is now carried out and lines present and ab- 
sent (Table 2). It is seen that the condition 
for reflections present specifies a primitive 
Bravais lattice with a c glide parallel to 
(1100) and a 6 screw axis parallel to [0001]. 
The space group is therefore p6;/mmc. 

Similar analyses have been carried out on 
a large number of crystals taken as specimen 
samples of the 7 crystal systems and 32 point 
groups. It was found possible to distinguish 


TABLE 1.--Summary of measured and calculated 
inter-axes angles for zinc between [001] (A) 


and zone axes X. (drs = 0.13 nm, dst = 0.25 nn, 
calculated angles.) 
rs = (1210) rs = (2420) rs = (1210) 
st = (0001) st = (0001) st = (0002) 
zone axes | Measured | c/a=2 5/2 6-0.96 c/0e2 5/5 200.88 | Las yee 92 
x angles | 
1 11 8 (1015] 226 [1015] | 60 [1015] 
14.6 [{1014] 275 [1014] | 75 (1014) 
2 275 [1012] 462 [10i2] 146 [1012] 
3 348 (2023] 543 [2023] 192 [2023] 
4 46 2 [1011] 644 {1011} 275 [1011] 
(2558) | RRR | a Ge 
6 72 3 [3031] 80 9 [3031] $7.4 [3031] 
B 90 0 (1010] 90 0 [1010] 900 [1010] 
? 247 (2ii6] 42.6 {2116} 13.0 (2116] 
8 260 426 [2113] 614 [2113] 241 [2113] 
9 36 0 54 o0[21i2] 701 [2112] 345 (2112] 
10 440 61 44[ 4223] 74.8 [4223] 426 [4223] 
1 550 70 06[2111} 797 [2111] 540 [2iil} 
90.00[ 2110} 90 0 [2110] 900 [2710] 


9 of the 11 Laue groups (6mm, 4mm, 3m, 2mm, mn, 
6, 4, 3, and 2) so that combinations of these 
groups alone allow us to distinguish a total of 
27 of the 32 point groups classes. That leaves 
6, 4, 3 1 and 1 as extremely difficult cases, 
For some classes, although it was possible to 
identify at least one crystal in the class, 
other crystals in the same class could not be 
distinguished, Important examples include 
crystals of the 111 V and 11 VI compounds. 
instance, it was not possible to observe the 
loss of symmetry of the tetrad axes from 4mm to 
2mm in GaAs. However, SbAs, which also has the 
point group 2mm, could be distinguished. The 
difficulty with GaAs arises from the closeness 
in the atomic number of the two elements. For 
a more detailed discussion of this point the 
reader is referred to Ref. 11. 

The major limitation of the technique is a 
lack of precision in lattice parameter measure- 
ment. Numerous methods of measurement have 
been attempted based on those developed earlier 
for divergent beam x-ray diffraction,’* but the 
best that could be achieved was 1 part in 300. 
More routinely a precision of 1 part in 50 was 
obtained. 


For 


Conelustons 


The above account has shown that backscatter 
Kikuchi diffraction provides a versatile tool 
for crystallographic studies in materials anal- 
ysis. It has been shown that patterns are easy 
to obtain and that on-line analysis for texture 
studies and analysis of directly recorded photo- 
graphs for structure determination can be accom- 
plished. 
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TABLE 2,.--Observed and absent reflections for 
zinc, 


Conditions for {| Cause of 
Condition 


Observed reflections | Absent 


lass of 
: reflections] reflection 


reflection 


all orders primitive 
Bravais 
lattice 


all orders primitive 
Bravais 
lattice 


hho} 


axial glide 
¢ paralle} 
to (1100) 


6 
aki 


nh2h} 1124 


screw 
s parallel 
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SURFACE DISPLACEMENT MEASUREMENTS BASED ON DIGITAL IMAGE PROCESSING OF MICROGRAPHS 


M. R. James 


To investigate a variety of micromechanics 
problems experimentally, we have developed 
techniques based on stereoscopic analysis of 
pairs of optical or SEM micrographs to obtain 
the surface displacements generated by either 
mechanical or thermal load.?°* Althouth stere- 
oscopy is a powerful means to measure the dis- 
placements, it suffers from being tedious and 
providing incomplete data. In this paper we 
describe a system for measuring these displace- 
ments based on digital image cross correlation 
that overcomes the limitations of stereoscopy. 
The system is capable of measuring both in- 
plane and out-of-plane displacements to accura- 
cies approaching 1 nm over submicron spatial 
regions, 


HASMAP 


If one micrograph of a surface is taken be- 
fore a load cycle and the other taken during 
loading or afterwards, the observed displace- 
ment field that differentiates the pair is a 
direct consequence of the surface deformation. 
To measure the relative displacements between 
the two micrographs accurately and conveniently, 
we have built a digital image processing system 
nicknamed HASMAP (High Accuracy Strain MAPper) 
as shown in Fig. 1. We achieve our desired 
spatial resolution by placing micrographs taken 
before and after deformation on a computer-con- 
trolled translation table. 


HASMAP 


DIGITIZER 


STORAGE 


VECTOR 
IMAGE 
PROCESSOR 


1.--Schematic illustration of HASMAP, 


MGEEZ: 


X-¥ TABLE 


FIG, 


The reference micrograph is divided into an 
array of analysis windows (Fig. 2). A low- 
power (1-3x) lens in front of the video camera 
magnifies the micrograph so that a typical 512 
x 480 pixel field of view might correspond to 
approximately a 1 x 1 cm area on the micro- 
graph (Fig. 2b). The displacement is found 
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FIG, 2.--(a) Set of windows on equally spaced 
grid points on reference micrograph to be 
mapped to corresponding areas in post-deforma- 
tion view; (b) stored digital images of A, and 
By on which cross correlation is run. 


between the image in each window and its twin 
in the post-deformation micrograph (e.g., Aj 
and Bi in Fig. 2b) by computing the cross cor- 
relation function of the two images. The off- 
set of the peak of this function is the dis- 
placement estimate. The cross-correlation 
algorithm used by HASMAP is based on a two- 
dimensional fast Fourier transform approach as 
described in Ref. 3. To minimize errors, as 
close registration of the images as possible 
must be achieved before the final displacement 
calculation 1S made. An iterative scheme is 
used in which the stage is moved by the calcu- 
lated displacement until the images in the two 
windows match so closely that the relative win- 
dow displacements would not change with further 
iteration. The displacement can then be deter- 
mined by the table motion and the residual dis- 
placement from the last cross-correlation cal- 
culation. 


Sources of Error 


The final accuracy depends on the precision 
of the cross-correlation calculation, the sta- 
bility and accuracy of the translation table, 
and the quality of the micrographs. These fac- 
tors have been analyzed in detail in Ref. 3. 
The largest errors come from recording of the 
micrographs. Nonuniformity in magnification 
in the optics of optical microscopes produces 
distortion unless the micrographs are taken in 
exactly the same area of the specimen. Careful 
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attention to focusing variations and phase 
changes must also be made. Typically, dis- 
placement sensitivity of +20 nm over 10ym areas 


can be achieved with 500x optical micrographs. 

With SEM images, magnification instability 
and the division of the image into scan lines 
further degrades accuracy. Small magnification 
changes easily occur when the sample is taken 
out of the microscope between the "before" and 
“after micrographs are recorded. In situ me- 
chanical loading and thermal heating stages are 
useful to minimize this error. The useful mag- 
nification range is limited by the need to en- 
compass sufficient detail and contrast for the 
cross-correlation peak to have a good peak-to- 
background ratio. Typically, +2n displacement 
over lum regions on the specimen can be ob- 
tained with 5000x micrographs. 


Out-of-plane Displacements 


When the micrographs are recorded by viewing 
normal to the specimen surface, the in-plane 
displacements are captured. By comparing mi- 
crographs taken of the specimen at a tilt, one 
obtains a mixture of in-plane and out-of-plane 
components. Thus, by recording two views of 
the surface before and after deformation, one 
can calculate both in- and out-of-plane val- 
ues.’ The large depth of field of the SEM 
makes this approach especially attractive. 
Foreshortening of the tilted images can be 
handled digitally so that displacements can be 
obtained at the same locations in the tilted 
and untilted micrographs. 


Conelustons 


A Fourier transform cross-correlation ap- 
proach for the calculation of displacements be- 
tween digitized images coupled with error-min- 
jmization procedures allows subpixel displace- 
ments to be determined in photographic images. 
Both orthogonal components of displacements 
are obtained simultaneously. The data can be 
obtained over a sufficiently dense pattern so 
that perspective representations of the defor- 
mation can be created by digital warping of the 
reference image to enhance displacements invis- 
ible to the unaided eye, as described in Ref. 
3 
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MICROMECHANICAL CHARACTERIZATION OF NEAR-SURFACE LAYERS 


R. J. Bourcier 


This paper reviews several techniques available 
to the experimenter to characterize the mechan- 
ical properties of near-surface layers of engi- 
neering materials. The test methods examined 
are microtensile testing, bulge testing, ultra- 
low-load indentation testing, and microfabri- 
cated test structures. The applicability of 
these techniques and their advantages and dif- 
ficulties are examined. Special emphasis is 
given to recent developments in ultralow-load 
indentation testing and microfabricated struc- 
tures. 

The current high level of interest in the 
mechanical properties of near-surface layers 
has been driven largely by three sources. The 
first is the ongoing search for increased me- 
chanical efficiency, a problem controlled by 
the wear and friction of contacting materials. 
The attempt to minimize friction and wear of 
structural materials has led to the develop- 
ment of a variety of advanced methods to modify 
the mechanical properties of material surfaces. 
One of the most effective and promising tech- 
niques is ion implantation. A specific example 
of this technology, which is now seeing engi- 
neering application, is the implantation of ni- 
trogen or carbon and titanium into steels.*”* 
Such implantation layers are commonly only a 
few hundred nanometers thick and cannot usually 
be separated from the underlying material, 
which presents a difficult problem of how to 
perform mechanical tests to determine their 
properties. 

In the second case, the application of thin 
films and ion implantation to the fabrication 
of microelectronic devices has brought with it 
another unique set of testing difficulties. In 
large-scale integrated circuits, implanted lay- 
ers may again extend only 100 nm or so into the 
surface of the silicon substrate. Sputtered 
and evaporated metal films approximately 1 um 
thick are deposited onto the surface of these 
devices to provide electrical interconnects. 
The successful development of solutions to 
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problems such as stress voiding of intercon- 
nect lines*’> will require careful mechanical 
characterization of the metal lines and of the 
semiconducting and dielectric layers that make 
up an LSI device. 

The third case is the very recent deve lop- 
ment of micromachining technology for sensors 
and actuators.°~? This fast-growing technolo- 
gy has introduced the need for test methods to 
measure the mechanical properties of microme- 
chanical elements lithographically fabricated 
from silicon. Such measurements are necessary 
in order to set limits on the mechanical loads 
that can be expected of these extremely prom- 
ising small machines. 

The mechanical testing of relatively thick 
films or layers (say, >5 ym) is perhaps only 
slightly more difficult than the testing of 
bulk materials. Standard techniques such as 
tensile testing and microhardness testing can 
be readily applied to such materials. However, 
for films or layers thinner than 5 nm, testing 
is much more complex. The possibility of me- 
chanical damage during the handling of very 
thin films and of very small specimens that 
have been liberated from their substrate be- 
comes a concern. Sufficient sensitivity in the 
measurement of loads and displacements is dif- 
ficult to achieve. This problem is particular- 
ly acute in indentation testing, where insuffi- 
cient resolution makes it impossible to extract 
film properties from those of the combined 
film/substrate system. In general, complex 
measures must be taken to overcome these diffi- 
culties. 

Very recently, a detailed bibliographic 
review of the mechanical testing of thin films 
and near surface layers has appeared.?° Rather 
than simply duplicate the bulk of this compre- 
hensive work, the present paper focuses on a 
discussion of the relative merits and difficul- 
ties of the most popular test methods for thin 
films and ion-implanted surfaces, and provides 
an introduction to new techniques that show 
promise to advance the state of micromechanical 
testing. Ultralow-load indentation techniques 
and microfabricated test structures receive 
special emphasis, due to recent developments in 
the application of both techniques. These de- 
velopments promise to extend the utility of 
these techniques to specimens that could not be 
successfully tested previously, and provide a 
still wider choice of tools to the experimenter. 


Discusston 


Microtenstle Testing. Microtensile testing 
is probably the most mature test method con- 
sidered here.'!~1* Conceptually, it is simply 
a small-scale version of everyday tensile test- 
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ing used for the examination of bulk material 
specimens. However, because of the scale of 
specimen examined, unique problems are intro- 
duced into what is, in concept, a very simple 
test. In a general sense, several of these 
problems apply to other test techniques to be 
discussed; they are therefore treated in some 
detail here. 

Specimen fabrication and mounting must be 
performed with care if meaningful test results 
are to be obtained--as is obviously true for 
testing at any scale, but is particularly diffi- 
cult to achieve for the small, delicate samples 
with which we are concerned. Separation of the 
test specimen from its underlying substrate is 
the first problem to be overcome. Thin-film 
specimens are commonly deposited onto cleaved 
rocksalt crystais!?2?° or mical® and then 
removed. Mounting of the specimen in the load 
frame must then be addressed. Gripping of spec- 
imens has been accomplished by gluing;+?>1?%>*® 
friction;'?>1*+?® or, for extremely delicate 
samples, van der Waals forces.+’ The technique 
used must allow the application of sufficient 
force to deform the specimen gauge section, but 
not induce enough damage into the grip end so 
as to precipitate a failure outside the gauge 
section. Finally, tensile deformation is im- 
posed on the specimen, either by means of a 
"conventional" mechanical drive system??~*® or 
electromagnetically.1?+17»1%,17 The choice of 
loading technique can influence the test re- 
sults. One example is yield phenomena such as 
load drops, which are not easily captured by a 
load control test (typically the case for elec- 
tromagnetic systems). 

At first glance, microtensile testing holds 
the potential to provide a true measure of the 
mechanical properties of a near-surface layer. 
Unfortunately, several difficulties have kept 
the technique from realizing this apparent po- 
tential. Above all, the technique is fundamen- 
tally limited to thin films that can be removed 
from their underlying substrate. To meet this 
criterion, it is frequently necessary to deposit 
the film to be tested on a substrate other than 
the one of greatest interest. This choice can 
influence the resulting microstructure and 
hence the mechanical properties. Also, because 
of this constraint, near-surface layers modi- 
fied by ion implantation or some related tech- 
nique, which cannot be separated from the un- 
derlying substrate, are clearly not amenable 
to microtensile testing. 

In most applications, one is interested in 
the response of a film while it is attached to 
a substrate. Removal of the film will relieve 
any residual stresses the film may contain due 
to mismatch with the substrate. The resulting 
strength of the now-unstressed film is differ- 
ent from the strength one would measure for the 
film in the attached state. 

An additional problem that can arise due to 
residual stresses is that the film may curl 
when removed from the substrate. Such distor- 
tion makes a film more difficult to handle and 
much more difficult to mount, and obscures mea- 
surement of small-strain tensile behavior. As 
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the film straightens, the load-elongation rec- 
ord of the test reflects the feduced load re- 
quired to straighten the film instead of 
stretching it. Thus the test results are col- 
ored until the film is fully straightened. As 
small-strain behavior is the response best ex- 
amined with microtensile testing, this problem 
can be particularly vexing. 

Another difficulty is that the technique 
generally requires thin sheet-type specimens 
whose aspect ratios of width to thickness and 
length to thickness are very large. Such a 
configuration leads to a test specimen that is 
prone to material and/or geometric instabili- 
ties and does not provide a good measure of 
the inherent ductility of the near-surface ma- 
terial. Thin-sheet tensile specimens cannot 
deform very far under pure uniaxial strain 
conditions; rather, the specimen localizes de- 
formation into a very narrow region inclined 
to the tensile axis and deforms to failure un- 
der plane-strain conditions. 

Also, because the specimens are small or of 
very large aspect ratio, they tend to be prone 
to damage during handling prior to the test. 
For a ductile specimen, this damage generally 
takes the form of plastic bending, introducing 
work into the specimen that obscures the ac- 
tual small-strain behavior of the thin film. 
For high-strength or brittle specimens, shear 
banding or cracking may result, degrading the 
subsequent ductility and strength of the sam- 
ple. 

In addition, both edge preparation?” and 
axial alignment’* of microtensile test speci- 
mens can strongly influence the test results. 
Poor edge preparation typically leaves geomet- 
ric defects in the sample that can lead to 
cracking or tearing. Misalignment introduces 
a buckling mode into the deformation of the 
test specimen, results in preferential strain- 
ing along one edge of the sample, and obscures 
the true stress-strain response of the entire 
gauge section. 


Bulge Testing. Bulge testing of thin films 
dates from the same time period as microtensile 
testing,’® but the technique has seen less use. 
As the test is conventionally performed ,*°»*? 
bulge test films are first deposited on a sub- 
strate from which they can be easily removed. 
Next, they are removed from that substrate, 
mounted in a test fixture, and pressurized to 
failure. By monitoring the applied pressure 
and the displacement of the bulged film, one 
can obtain a fairly good measure of the biaxial 
stress-strain response of the material. 

One possible advantage of this technique 
over microtensile testing is that the potential 
for handling-induced damage is slightly small- 
er, as higher loads must be applied to deform 
the relatively wide and approximately square 
bulge test specimen than in the narrow-gauge 
section of a microtensile specimen. Also, 
there is no need to be concerned over align- 
ment of the sample, and specimen edge condi- 
tions do not influence test results, since the 
edge is outside the central section of the 
stressed specimen. 


A drawback to bulge testing is that the test 
data necessary to calculate fundamental mechan- 
ical properties are not easily measured, be- 
cause strain measurements are not easily made 
for bulge tests of thin films. The basic dif- 
ficulty is that any form of contacting dis- 
placement probe tends to influence the dis- 
placement it attempts to measure. Also, the 
probe may damage the specimen, causing it to 
fail prematurely. Optical methods of displace- 
ment measurement such as laser interferometry” e 
may be used to avoid this problem. 

Like microtensile testing, bulge testing re- 
quires removal of the test specimen from the 
underlying substrate. However, assuming that 
the experimental system used can accommodate 
such a specimen, the near-surface layer to be 
examined need not be necessarily completely 
separated from the backing material.?* Instead, 
it is sufficient if the substrate is etched or 
milled away from the back to provide a circular 
film specimen still bonded to the substrate 
around its circumference. A sample prepared in 
this manner may be less susceptible to handling- 
induced damage and may allow the preparation of 
bulge test specimens from extremely thin films. 

As in microtensile testing, one of the big- 
gest problems associated with bulge testing is 
that the large film area sampled makes the 
specimens prone to strain localization due to 
local perturbations in film thickness or prop- 
erties. Thus, although it is an extremely 
useful technique for obtaining the average bi- 
axial small-strain response of a thin film, it 
is somewhat limited for studies of gross plas- 
tic flow. 


Ultralow-load Indentation, Ultralow-load 
indentation is at present the most commonly 
used test method for examining the mechanical 
behavior of thin films and ion-implanted sur- 
faces. The deformation response of near-sur- 
face layers most often of interest to the ex- 
perimenter is straining due to the application 
of highly localized forces. As an example, this 
sort of localized deformation is generally pres- 
ent during sliding friction-plastic flow due to 
contact of microscopic surface asperities. 

Such deformation is not very well approximated 
by the tensile deformation of a large-aspect- 
ratio liberated thin film. Thus, the local de- 
formation produced in ultralow-load indentation 
testing can have an advantage over the more 
global deformation field produced by microten- 
sile or bulge testing. 

Ultralow-load indentation tests are rela- 
tively simple to perform and can probe extremely 
thin surface layers (if a state-of-the-art test 
system is used). In addition, this test tech- 
nique provides a very useful tool for examining 
the response of a near-surface layer to very 
large deformations. Because the indent formed 
can be extremely small (perhaps 100 nm or so), 
ultralow-load indentation can serve as a non- 
destructive screening tool and can be used to 
determine the effect of sequential modification 
processes on the mechanical response of a near- 
surface layer. The material to be tested need 


not (and, indeed, in most cases should not) be 
removed from the underlying substrate, so that 
the material should not be damaged during 
handling. That also makes ultralow-load in- 
dentation extremely attractive for studies of 
ion-implanted surface layers. Also, any resid- 
ual stresses in the near-surface material are 
not affected, and thus their influence on the 
mechanical response of the specimen is exam- 
ined by the test. 

In its basic form, ultralow-load indenta- 
tion testing suffers from the inherent problem 
that “hardness"' is not considered to be a fun- 
damental mechanical property. Rather, it is 
simply a convenient measure of mechanical in- 
tegrity. At best, it provides some indication 
of flow stress that may be useful for compari- 
son with other materials or processes. Analyt- 
ical models of the indentation test have been 
able to provide fair correlation between hard- 
ness and the compressive flow stress of the 
material being indented. However, this corre- 
lation is not perfect and indeed ultralow-load 
indentation testing alone cannot hope to mea- 
sure the complete yield behavior of a material. 
These problems have limited widespread appli- 
cation of indentation testing for the deter- 
mination of the mechanical properties of mater- 
ials. Only recently have techniques been de- 
veloped that promise to overcome some of these 
difficulties. 

Ultralow-load indentation testing as prac- 
ticed today is largely a result of the work of 
Pethica and co-workers.**~*”? This group worked 
to develop an extremely sensitive test instru- 
ment and proper characterization of the influ- 
ence of test parameters and indenter configu- 
ration on indentation test response. They 
demonstrated the validity of ultralow-load in- 
dentation as a tool to measure the mechanical 
response of a near-surface layer. Development 
of the technique has continued’? ° and useful 
methods now exist to calculate additonal infor- 
mation about a material from the indentation 
test. A number of other workers have also 
played a role in developing highly sensitive 
test instruments and applying them to the study 
of material systems not amenable to examina- 
tion by other methods .? 

Indentation tests are not readily inter- 
preted to provide measures of fundamental me- 
chanical properties. Both simple analytical 
techniques*°»*? and complex numerical simula- 
tions'*>** have been used in the attempt to 
convert hardness values to plastic deformation 
behavior; neither has proved to be completely 
successful. Approaching the problem from the 
opposite direction, Bourcier et al. ** showed 
that indentation load- -depth results can be 
analyzed from the mechanical properties of the 
material being indented obtained by other me- 
chanical tests. Specifically, it was shown 
that the load-depth history of indentation 
tests performed over a wide range of size 
scales and on a variety of materials could be 
successfully modeled by uniaxial compression 
test results as input for a large-strain finite 
model of a specimen indented by an elastic 
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indenter. Recently, we have applied this com- 
bined experimental/numerical approach to the 
study of the mechanical response of high-purity 
aluminum implanted with oxygen ions.*° Fully 
annealed aluminum was implanted to a depth of 
approximately 500 nm with oxygen levels of 5, 
10, and 20 at.%, followed by annealing at 450 
and 550 C. Indentation load-depth results ob- 
tained with an ultralow-load test system devel- 
oped at our laboratory*+ revealed large differ- 
ences between the responses of the unimplanted 
and implanted material. However, the resolu- 
tion of the test system used did not allow us 
to measure the response of solely the implanted 
layer; rather, we were sampling the composite 
response of both the implanted layer and the 
underlying substrate. In order to determine 
more clearly the mechanical response of the im- 
planted layer, a large-strain finite-element 
model of the implanted specimen was constructed. 
The stress-strain response of the substrate was 
measured by uniaxial compression testing of an- 
nealed samples of the aluminum substrate. 
Properties of the implanted material in the 
model were systematically varied until the re- 
sulting predicted load-depth response agreed 
with the experimental results. The strengths 
calculated in this manner for the implanted ma- 
terial were in good qualitative agreement with 
calculations based on conventional theories of 
particle and coherency strengthening in the im- 
planted layer. Although this technique shows 
promise for the characterization of materials 
that do not readily lend themselves to any 
other test method, it is by no means a cure- 
all. The stress-strain response obtained by 
this technique (in its current state of devel- 
opment) is not unique. Indeed, what this meth- 
od actually measures is the flow stress of the 
implanted layer at some average value of strain 
characteristic of the indentation test. Such a 
flow stress could in theory result from any one 
of an infinite number of combinations of yield 
strength and plastic stress-strain response. 
Determination of detailed information about the 
stress-strain history of a modified surface 
layer requires the use of some other technique. 


Microfabricated Test Structures. Progress 
has been made in the past few years in the de- 
velopment of test methods/specimens for thin 
films that circumvent the difficulties of the 
test techniques discussed above. Basically all 
these approaches involve the fabrication of 
suspended beam-like microstructures that are 
either "self-testing" due to residual stress- 
es*®"51 or gravity°®* or mechanically deformed 
by an ultralow-load indentation tester.°*25" 
Several of these new designs are next discussed 
and compared with earlier techniques. 


Simple Beams, The basic technique of mea- 
suring the mechanical properties of thin films 
by use of cantilever beam specimens is about 10 
years old. The first work involved inducing 
resonant frequencies in the beam through the 
use of an oscillator attached to the sub- 
strate.°°> Recently, ultralow-load indentation 
test machines have been used to apply mechani- 
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cal displacements to the cantilever beams.°°’°’ 


A simple approach to the deformation testing 
of near-surface layers has recently been de- 
veloped at Stanford University.°°?°* It in- 
volves the fabrication by silicon micromachin- 
ing techniques of cantilever microbeams of 
thin films that have been deposited on a sili- 
con wafer. The beams are deflected in a com- 
mercially available ultralow-load indentation 
test instrument. The technique is most direct- 
ly applicable to the determination of the 
elastic response of the test specimen, but may 
be also used to measure yield strength approx- 
imately. However, large-strain plastic defor- 
mation cannot be measured by this cantilever 
beam technique, since interpretation of the 
very localized bending that occurs in the 
plastic hinge of the specimen is not currently 
possible. 


A New Microfabricated Test Specimen Design. 
Very recently, we have started development of 
a different beam-like specimen design at our 
laboratory.°* The proposed test specimen is 
shown in Fig. 1. It is a free-standing doubly 
supported beam with two reduced sections that 
serve as tensile specimens. The wide center 
section of the beam serves as the point of 
contact for a specially fabricated diamond 
test probe, which displaces the sample into 
the etched cavity beneath it. Conceptually 
similar doubly supported beams have previously 
been fabricated from silicon.*®?7°! It is sug- 
gested that the specimen proposed here should 
be etched from aluminum alloy thin films de- 
posited on oxidized silicon wafers. Other 
fabrication methods might be employed to exam- 
ine different film/substrate combinations. 


FIG. 1.--Proposed microfabricated test struc- 
ture currently under study. 


In contrast to singly supported cantilever 
beams, which are best used to measure the 
elastic response of a surface layer, this kind 
of specimen may be most suitable for the mea- 
sure of the plastic deformation of thin films. 
Large-strain finite-element analysis has been 
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FIG. 2,--Finite element mesh showing predicted 
deformation of proposed microfabricated test 
structure. 


applied in the design of this specimen. A de- 
formed mesh from one such simulation is shown 
in Fig. 2. The finite-element calculations 
predict that this sample will basically bend at 
the ends of both gauge sections and will simul- 
taneously stretch within the reduced-gauge sec- 
tions on either side of the diamond probe. The 


forces required to bend the beam are quite small 


compared to the forces required to stretch the 
specimen gauge sections. The resulting force- 
displacement history predicted by the analysis 
is thus strongly related to the tensile stress- 
strain response of the thin film. The analyti- 
cal results display good resolution of the 
yield strength of the material and are sensi- 
tive to the rate of plastic strain hardening of 
the film. Through the combined use of experi- 
mental testing and numerical modeling of this 
specimen, we shall be able to determine ac- 
curately the tensile stress-strain response of 
thin-film metallizations. Also, the method may 
be applicable to creep and stress relaxation 
testing in load and displacement control, re- 
spectively. 


Conelustons 


A flexible set of tools exists today to ex- 
amine the mechanical properties of near-surface 
layers of engineering materials. These test 
methods vary widely in the specifics of their 
execution and their resulting strengths and 
weaknesses, Microtensile testing and bulge 
testing can provide fine characterization of 
the global small-strain response of films, but 
the test specimens are prone to damage and the 
techniques are not applicable to implanted lay- 
ers of bulk material. Ultralow-load indenta- 
tion testing can examine the large-strain re- 
sponse of near-surface layers that remain at- 
tached to their substrates, but analysis of the 
resulting load-depth data is extremely diffi- 
cult. Microfabricated test structures hold the 
future promise of providing a wide range of me- 
chanical properties characterization, but as 
yet have not been fully enough developed for 
use on a routine basis. No method is available 
at present that can probe the full range of me- 


chanical response for near-surface layers of 
interest. Rather, investigators must deter- 
mine which test method(s) best satisfy the 
goals of their particular investigations. 
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THE ENVIRONMENTAL SEM: 


A NEW WAY TO LOOK AT INSULATORS 


R. B, Bolon, C. D. Robertson, and Eric Lifshin 


Scientific and even nontechnical literature is 
filled with thousands of scanning electron mi- 
croscope (SEM) micrographs taken of metals, 
ceramics, minerals, electronic devices, insects, 
microroganisms, and many other types of speci- 
mens. This widespread use of the conventional 
SEM is the result of its ease of operation, 
high resolution, and large depth of field. How- 
ever, not all samples are suitable for the con- 
ditions imposed by this instrument. For exam- 
ple, insulating specimens have always been 
something of a challenge because surface 
charges generated by the impinging electron 
beam must be continually drained away to pre- 
vent distortion of the image. In addition, 
samples that outgas, evaporate, melt, or decom- 
pose under the conditions of operation are gen- 
erally shunned. To overcome these limitations 
a new type of SEM, known as the environmental 
SEM or ESEM, was developed. This paper illus- 
trates a selection of materials applications 
and special-purpose experiments developed to 
utilize the unique capabilities of the ESEM. 
Specimen charging is usually overcome by va- 
por deposition of a thin metallic coating on 
the specimen to provide a conducting path to 
ground. More recently, the use of field-emis- 
sion instruments operating at very low voltages, 
where the secondary-emission coefficient is 
close to unity, have made it possible to look 
at insulating samples without metallization. 
However, if the specimen is insulating and also 
has a high vapor pressure relative to the 107° 
Torr or so required to avoid damaging the elec- 
tron source and/or secondary-electron detector, 
neither conventional nor field-emission SEMs 
can be easily employed. Typical samples exclud- 
ed by these limitations include ice, liquids, 
gums, adhesives, and oily materials. In addi- 
tion, if fresh insulating surfaces are contin- 
uously being exposed, as in the case of dynamic 
fracturing or mechanical deformation experiments 
on polymers, coating cannot be conveniently used 
to avoid charging, and conventional SEM use is 
limited, The ESEM differs from conventional SEM 
operation in two major ways: (1) the extensive 
use of differential pumping effectively to iso- 
late the specimen chamber from the rest of the 
electron optical column during normal operation, 
and (2) the mode of electron detection. 


The authors are at GE Corporate Research and 
Development Center, Building K-1, Schenectady, 
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Schulson at the Thayer School of Engineering, 
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Harniman of ElectroScan for their assistance in 
the use of the ESEM; and Princeton Gamma-Tech 
for their helpful cooperation. 
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By paying special attention to aperture se- 
lection and placement it is possible to apply 
differential pumpting so that the sample can 
be at 25 Torr or higher pressure while the gun 
is maintained at better than 107° Torr. Chan- 
ber pressures in the range of 0.2-25 Torr or 
higher are key elements in the charge-neutral- 
ization and electron-detection processes. A 
gas such as water vapor, oxygen, argon, or 
methane is introduced into the chamber to 
maintain a selected pressure. A positive bias 
applied to a detector electrode above the samn- 
ple attracts the secondary electrons from the 
sample and accelerates them sufficiently to 
create a cascade of ion-electron pairs and to 
yield considerable amplification before they 
are collected. Although the relative contribu- 
tions of the various components of the detected 
signal (i.e., those due to the primary, secon- 
dary, and backscattered electrons) are not yet 
known, it is apparent that the secondary-—elec- 
tron signal is a major component. 

The positive ions migrate to the chamber 
walls and to the sample, where they contribute 
to the neutralization of negative surface 
charges. The bias used is considerably less 
than that associated with a conventional Ever- 
hart-Thornley (ET) dectector, which requires 
a high voltage on the scintillator to generate 
an adequate signal. The lower bias avoids cat- 
astrophic and destructive arcing that would 
occur with the traditional ET detector. 

The many considerations required for con- 
structing and operating the ESEM have been de- 
scribed in an extensive survey by its principal 
developer, G. D. Danilatos.? 


Experimental Method and Results 


The ESEM used in this study was from Elec- 
troScan Corporation, Inc. and was fitted with 
an Omega EDS detector and System 4 plus analy- 
er from Princeton Gamma-Tech, Inc. One impor- 
tant reason for examining samples in a gaseous 
environment is to utilize the surface-charge- 
neutralization effect of the ions that are 
generated, Figure 1 is a secondary-electron 
(SE) image of an uncoated fracture section of 
a glass-fiber-reinforced epoxy circuit board 
taken at 20 keV in 3.0 Torr of water vapor. 
Although a previously fractured sample could 
have been coated and examined by traditional 
SEM techniques, it would not be possible to ob- 
serve and record the changes that occur during 
dynamic in situ fracture studies, where fresh 
nonconductive surfaces are continuously being 
generated. 

Ice, an abundant material covering our 
northern oil fields, is another difficult ma- 
terial to examine in a traditional SEM. Fig- 
ure 2 is an SE image of a fresh fracture sur- 


face of salt-water ice, revealing pockets of 
liquid brine. For this experiment a rod of 
salt-water ice was mounted in a precooled sam- 
ple holder and then fractured in place by use 
of the stage motion. This image was recorded 
at 20 keV in a water-vapor environment of 3.8 
Torr pressure. In related studies it was found 
that inexpensive Peltier thermoelectric heat 
pumps, obtained from MELCOR,? could lower the 
temperature of the holder sufficiently to keep 
the ice frozen. 

Figure 3 is an SE image of uncoated magnesi- 
um carbonate powder particles. It proved to be 
difficult to examine this sample with a tradi- 
tional SEM due to excessive sample charging. 
Even the usual techniques of preparing sparse 
dispersions, Au sputter coatings, and use of low 
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FIG, 1.--Glass fibers in polymer matrix; 20 
keV beam, 2.5 Torr of water vapor. 

FIG. 2,--Surface of sea-water ice fractured 
parallel to growth direction showing brine 
pockets; 20 keV beam, %3.5 Torr of water vapor. 
FIG. 3.--MgCO; crystals; 7 keV beam, 4.3 Torr 
of oxygen. 

FIG. 4.--Substage used for dynamic paint peel 
tests, 


voltages failed to eliminate the problem. Al- 
though examination in a 3.8-Torr oxygen en- 
vironment resulted in a low signal level, 

there was no problem with charging. The ob- 
served structure is different, more ''feathery" 
than that observed on heavily coated samples, 
suggesting that sample preparation altered the 
structure. 

Understanding of polymer adhesion to poly- 
mers or to other materials is of great impor- 
tance not only to the plastics industry but to 
many other industries as well. The magnitude 
of adhesion is often studied by the use of 
peel tests in which the force required to sep- 
arate two layers is measured, The ESEM can be 
used to correlate microscopic phenomena occur- 
ring near the peeling boudnary with the peel 


450 


FIG, 5,--Paint peeling off polymer surface; 20 keV beam, 2.5 Torr of water vapor. 
FIG. 6.--Needle probing surface of uncured silicone rubber caulk; 20 keV beam, 2.2 Torr of 


water vapor. 


strength. As an example, a layer of paint on 
an engineering plastic was cross-sectioned by 
metallography and polished. The specimen was 
then mounted in a jig as illustrated in Fig. 4 
and a pointed screw was driven a distance into 
the interface to force the bond apart. The 
crack (Fig. 5) continued to propagate for a 
considerable time following each advance. 
experiment was followed by video recording 
supplemented by normal micrographs. The dynam- 
ics of the "peel" propagation were found to be 
nonuniform in velocity, degree of plastic de- 
formation, and crack angle. Work is currently 
under way to develop new mathematical models 

to describe these observations. 

A micromanipulator probe can dynamically 
deform and expose underlying material, excise 
particles for identification, and apply or 
measure electric potentials during observation 
in the microscope. One example is illustrated 
in Fig. 6 where the tip of a probe is observed 
deforming the surface of uncured white bath- 
room RTV silicone caulk in an effort to develop 
new methods for characterizing cure dynamics. 

One exciting opportunity we are currently 
evaluating is the ability to perform EDS anal- 
ysis of small quantities of liquids in con- 
junction with dynamic reactions. A prelimi- 
nary example was carried out on copper sulfate 
in an atmosphere of 7-8 Torr of water vapor. 
Small particles were placed on an alumina sub- 
strate and cooled approximately 10 C with a 
Peltier thermoelectric heat pump to lower the 
dew point at the sample and prevent unwanted 
condensation on the chamber walls. Water con- 
densed on the particles and caused them to dis- 
solve (Fig. 7). The x-ray spectrum from the 
water droplet is presented in Fig. 8 and shows 
the presence of copper, sulfur, oxygen, and 
aluminum, The aluminum is apparently due to 


The 


the substrate beneath the drop. With a rise in 
temperature, the particle recrystallized as 
shown in Fig. 10, with the corresponding x-ray 
spectrum presented in Fig. 9. This spectrum 
shows similar ratios for copper and sulfur but 
much lower oxygen and no aluminum. Since the 
chamber pressure was kept constant, the de- 
creased oxygen signal in this spectrum demon- 
strates that it was primarily due to the water 
in the droplet. A repetition of this experi- 
ment with an iron substrate showed, as expect- 
ed, that the Fe exchanged for the Cu in the 
liquid and that the recrystallized material 
after dehydration was iron sulfate surrounded 
by thin patches of metallic copper. 


SUMNary 


This evaluation shows that ESEM is a viable 
technique for examining a variety of materials 
that either could not be done in a traditional 
SEM or would require extensive sample prepara- 
tion. Potentially more important applications 
involve the ability to study dynamic interac- 
tions between the sample and a reactive en- 
vironment. It will be important to evaluate 
the effect of the environmental atmosphere on 
the energy and spatial distribution of x-ray 
generation as well as subsequent modification 
of the intensities prior to detection. Addi- 
tional work is also needed for a better under- 
standing of contrast mechanisms and to relate 
morphological features of nonsolid samples 
with their physical or chemical properties. 
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FIG. 7.--Drop of water containing dissolved CuSO, crystal; 20 keV beam, 7.4 Torr of water vapor. 
FIG. 8.--X-ray spectrum of water drop in Fig. 7. 

FIG. 9.--X-ray spectrum of crystal in Fig. 10. 

FIG. 10.--Recrystallized CuSO, on sapphire substrate; 20 keV beam, 4.7 Torr of water vapor. 
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; 11 
Semiconductor Applications 


CHARACTERIZATION OF MICROSTRUCTURAL DEFECTS IN SEMICONDUCTOR SILICON 


S. Chevacharoenkul, C. M. Osburn, and G. E. McGuire 


In the rapid evolution of integrated circuit 
technology, we have moved from the VLSI (Very 
Large Scale Integration) persee of the early 
1980s, where there are 216-22! devices per 
chip, to the ULSI era of 271-226 devices per 
chip. The reduction of scaling of device 
dimensions has been the overriding trend in 
semiconductor technology for the last decade. 
A common strategy has been to scale each sub- 
sequent generation of product by a factor of 
two in dimension. . Initially, constant field 
scaling was the path taken toward smaller MOS 
devices.* With this scaling, all device 
dimensions are reduced by a, which results in 
a device density per unit area increase of a*, 
The doping density and voltages are reduced by 
a, and the delay and power-delay product are 
reduced by a and a°, respectively. The total 
current and current density increase by a. 

For several reasons, including the desire 
for higher performance, constant-voltage 
scaling was adopted by various groups.?°* With 
constant-voltage scaling, the power supply is 
kept constant and device dimensions are reduced 
by the scaling factor x. The doping in the 
semiconductor is then adjusted to obtain the 
desired threshold voltage. Constant-field 
scaling is used in many processes today, but it 
does suffer from high field effects and from 
higher power dissipation. Furthermore, the 
high doping levels required to produce accept- 
able electrical designs cause a mobility degra- 
dation that counteracts some of the performance 
advantages of scaling in the first place. 

Table 1 gives some of the design parameters 
of succeeding generations of product which 
illustrate some of the materials and processing 
problems associated with achieving higher 
levels of integration. In general, the chal- 
lenge is to define small features with the 
appropriate lithography tools over the surface 
of a wafer for subsequent etching, deposition, 
or implantation of device components. These 
steps are done at the lowest possible tempera- 
ture in order to minimize secondary reaction, 


TABLE 1.--Micron and submicron design 
parameters. 


2pm 125-15 pm 10pm O75 pm 0.5 pm 
Line/space pitch (jm) 4-5 25-3 2 15-2 I 
Channel length (4m) 1.8403 13103 094025 07102 0401 
Gate oxide (am) 40-50 25 20 15 10 
Junction depth (jim) 05 03 025 02 015 
Threshold voltage {v) i 07 05 04 03 
Vintage 1980 1984 1988 1992 1996 


The authors are at the Microelectronics 
Center of North Carolina, 
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diffusion, or precipitation. In order to 
maintain high yield with high levels of 
integration, increased emphasis has been 
placed on the characterization of process- 
induced defects which may result in device 
failure. One of the key tools for the 
evaluation of process or materials-related 
defects is the transmission electron micro- 
scope (TEM). In this paper the application of 
the TEM in evaluating some of the materials 
and process related defects associated with 
the various design parameters is illustrated. 
Applications which require cross-sectional 
and plan view micrographs are given. 


Experimental 


For 0.25 and 0.5um design rules the gate 
oxide thickness is in the range of 7 and 10 nn, 
respectively. Thin oxides of this range of 
thickness become increasingly difficult to 
grow reproducibly and to characterize by 
conventional means. Most thickness measure- 
ments rely on ellipsometry, which requires 
knowledge of the correct refractive index of 
the material under consideration. Cross- 
sectional TEM has been shown to be a valuable 
technique for measuring oxide thicknesses and 
calibrating other measurement tools, Figure 
1 is a cross-sectional TEM micrograph of a 
thermally grown oxide. At this magnification, 
it is possible to use the lattice spacing of 
the rows of silicon atoms, 3.135 »> asa 
calibration marker. The oxides measured by 
TEM then become standards by which ellipso- 
metry, photoelectron spectroscopy, channeling 
Rutherford backscattering spectroscopy, and 
other techniques for measuring thin films are 
calibrated. 

Very abrupt junctions are required for ULSI 
devices. For example, 0.25um devices require 
70 nm pn junctions. Control of the initial 
implant profile has been achieved through the 
use of molecular ions,® precise orientation of 
the single crystalline substrate,’ and pre- 
amorphization of the substrate.® Preamorphi- 
zation of the substrate with a nonelectrically 
active species such as Si or Ge eliminates 
channeling. Figure 2 is a cross-sectional TEM 
micrograph that illustrates the complete 
amorphization of the outer 97 and 36 nm of a 
Si wafer for Ge implantation at 85 and 25 keV. 
Just below the amorphous/crystalline interface, 
there is a high concentration of Si interstial 
atoms produced by the implantation process. 
When the substrate is annealed to recrystal- 
lize the Si and activate the dopant, these 
interstitial atoms condense, forming monolayer 
thick disks in the Si matrix. These features 
are often referred to as end-of-range damage 


FIG. 1.--(a) Low-magnification TEM image of Si/Si0» interface of thermally grown oxide, (b) TEM 
image of the Si/Si0» interface at higher magnification in order to observe Si lattice spacing. 
FIG. 2.--Cross-sectional TEM image of a Si(100) wafer implanted with (a) 10!° cm™* Get at 85keV, 
(b) 4 x 1014 cm-* at 25keV to produce amorphous layer. 

FIG. 3.--Cross-sectional TEM micrograph of Ge preamorphized wafer after 550 C, 30min furnace 
anneal, showing recrystallization of amorphous layer and condensation of end-of-range 

damage. 
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dislocation loops. They can be seen in Fig. 3 
at the original amorphous/crystalline inter- 
face. 

Low-temperature short-time processes are 
required to keep the dopant profile shallow. 
Rapid thermal processing is used to minimize 
the total thermal budget that devices experi- 
ence. When preamorphization is used in junc- 
tion formation, the implantation energy must 
be adjusted so that the end-of-range defects 
reside outside the depletion region or com- 
pletely anneal out. 
series of Si wafers following Ge preamorphiza- 
tion and BFo implantation. [In the series (a), 
(b), and (c) the sample was rapid thermally 
annealed for 10 sat 750, 850, and 950 C respec- 
tively. The plan view TEM micrographs show the 
evolution of the end-of-range damage from 
numerous small sites (a), to larger con- 
densed loops (b), to elimination (c). Thus the 
plan view technique provides information com- 
plementary to the cross-section technique in 
characterizing both the location and amount of 
damage. 


Results and Conelustons 


The application of the TEM in evaluating 
microstructural defects and processing para- 
meters for ULSI devices has been illustrated. 
The use of both cross-sectional and plan view 
evaluation has been shown. TEM may be the 
technique of choice for calibrating other 
analytical tools for submicron dimensions. 
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Figure 4 shows a temperature 


FIG. 4.~-Plan-view TEM micrographs of Si(100) 
Samples rapid thermally annealed for 10 s at 
(a) 750°C, (Db) 850 C, (c) 950 C following 
25keV 4 x 10!* cm™? Get implantation plus 
8keV 4 x 10!4 cm? BF5+ implantation. 
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LASER BEAM AND ELECTRON BEAM INDUCED CURRENT TECHNIQUES 
FOR DEFECTS IN Si: A COMPARATIVE STUDY 


Z. J. Radzimski, T. Zhou, G. A. Rozgonyi, and P. E. Russell 


Charge collection microscopy (CCM), which 
includes laser beam induced current (LBIC) and 
electron beam induced current (EBIC), is a very 
powerful technique for the evaluation of semi- 
conductor materials and devices. In LBIC light 
quanta from a laser source are absorbed by the 
semiconductor material, where they generate 
electron-hole pairs; whereas in EBIC the 
electron beam in a scanning microscope is used 
as a source. CCM can be used as a probing 
method for integrated circuit failure analysis 
and design verification,!>* and as a materials 
characterization tool for quantitative measure- 
ments of minority carrier lifetime or diffusion 
length and p-n junction depth.» Moreover, 
CCM may be used for both defect imaging and 
electrical analysis in semiconductor 
materials.°»® In the past the EBIC technique 
has been employed in a wider range of applica- 
tions; however, LBIC is gaining more and more 
attention, mainly due to improvements in laser 
technology. No need for vacuum and the simplic- 
ity of operation are major advantages of LBIC 
over EBIC. One major advantage of EBIC is that 
one can easily change the analysis excitation 
depth by changing the energy of the electron 
beam. One can solve this problem in LBIC by 
using lasers with different wavelengths, or in 
the future by using a tunable laser, which will 
increase the versatility of LBIC and allow in- 
depth analysis. Also, adjustment of the light- 
source wavelength may yield LBIC images based 
on different defect species.’ Photo-induced 
current stimulated with above-bandgap photons 
is a function of minority carrier lifetime, 
whereas photo-excitation with below-band gap 
photons provides a sensitive method of detect- 
ing deep states because current is induced only 
via deep levels. 

The imaging of electrically active defects 
in CCM semiconductor material is possible if 
defects are located in the range of the depths 
excited by the probe beam (Fig. la). These 
defects act as recombinations sites and are 
visible as dark spots or lines, depending on the 
nature of the defects and the way they pro- 
pagate through the excited near-surface volume. 
To image defects located at depths deeper than 
the excitation volume one can use angle polish- 
ing (Fig. 1b), which is commonly used in optical 
microscopy defect imaging.® Preparation of a 
beveled sample allows one to increase the depth 
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FIG. 1--Schematic diagram of samples used in 
this work: (a) Silicon on insulator (Si0>) 
sample obtained by zone melt recrystalization, 
(b) extrinsically gettered epitaxial Si with 
buried misfit dislocations (MD). 


range of the technique to reach regions far 
below the surface. 


Experiment 


In this work the distribution of electrical- 
ly active defects in Si epitaxial layers was 
investigated by both EBIC and LBIC. Prefer- 
ential chemical etching has also been used to 
delineate defects emerging at the surface. The 
investigation was centered on samples with well- 
determined depth distribution of structural 
defects. In order to compare the information 
on depth and resolution of these two techniques, 
experiments were performed on samples with 
defects threading to the surface, as well as 
defects confined to buried interfaces. In the 
first case a silicon-on-insulator (SOI) 
structure obtained by zone-melt recrystalliza- 
tion (ZMR) has been used. The SOI structure 
had a Sum-thick capping layer deposited by 
chemical vapor epitaxy. The ZMR substrate 
wafer used in this study was a product of the 
Kopin Corp. of Taunton, Mass., whereas the epi 
was deposited at Westinghouse.? The second 
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structure was an Si(2%Ge) CVD epitaxial struc- 
ture with defects in the form of misfit dis- 
location grids confined to two interfacial 
planes at fixed depths. The dislocations were 
introduced by incorporation of 2%GE into 2ym- 
thick Si epitaxial layer. This technique is 
very effective in proving the electrical pro- 
perties of devices fabricated in a pure Si cap- 
ping layer.!° The capping-layer thickness 
investigated in this work was 4 um. For both 
LBIC and EBIC studies an evaporated aluminum 
Schottky contact 1 mm in diameter and 20 nm 
thick was used. The SOI sample required a 
large-area ohmic contact to be placed adjacent 
to the Schottky contact. Figure l(a) shows the 
sample structure and contact configuration. 
Photon and electron beam induced current were 
measured under zero-bias condition. To obtain 
precise data on depth information, the experi- 
ments were also performed on angle-polished 
structures in which the Schottky contact was 
deposited directly on the beveled surface (Fig. 
lb). 

Threading dislocations emerging from the 
capping epitaxial layer on the ZMR sample are 
shown in Fig. 1. The optical micrograph of an 
etched epi-layer on ZMR wafer (Fig. 2a) shows 
the characteristic boundaries of high defect 
density, (2-10x10’ cm-*), separated by 30 to 
40 um of relatively low-defect material. These 
boundaries originate during AMR as a result of 
solid/liquid interface perturbations. The EBIC 
image in Fig. 2(b) shows a similar defect 
distribution. It reveals electrically active 
defects that lie within the 1.5ym depth excited 
by the 15keV electron beam. The characteristic 
boundaries can be also distinguished in the 
LBIC image (Fig. 2c), with the volume of 


b 


excitation equal to vl um for red light. This 
image is less uniform than the one obtained by 
EBIC. To understand the difference in image 
quality one must compare the absorption process 
occurring with each beam. In charge-collection 
microscopy the maximum information comes from 
the local volume or depth at which the maxi- 
mum energy loss of the penetrating beam occurs. 
The laser beam losses its energy in an exponen- 
tial fashion starting at the surface (Fig. 3). 
The energy loss distribution for electron-beam 
penetration has a characteristic maximum at a 
depth approximately equal to 0.4Ryax (Rmax = 
maximum penetration depth) for Si. Therefore, 
with EBIC surface recombination effects are 
less important than bulk properties. The 
opposite occurs with LBIC. However, EBIC and 
LBIC results from the ZMR sample indicate that 
device performance and yield would benefit from 
locating individual devices between the dis- 
located boundaries. These regions are essen- 
tially free of extended defects, whereas the 
neighboring dislocations should act as effi- 
cient gettering centers for metal impurities 
during subsequent processing steps. 

The second sample studied in this work was 
an extrinsically gettered epitaxial structure 
containing misfit dislocations./° It is useful 
from the gettering point of view to introduce 
dislocations close to the active volume of a 
functioning device. A diagnostic tool is 
required that can be used to estimate the 
defect density and dislocation depth, and to 
verify the confinement of the dislocations to 
the buried interface. Investigators have 
successfully used EBIC for this purpose by 
proving the absence of threading dislocations 


FIG. 2.--Defect distribution in surface layer 
of ZMR samples obtained by (a) optical micro- 
graph of preferentially etched surface, (b) 

EBIC image obtained at 15 keV; (c) LBIC image. 
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in the capping layer using a plane-view EBIC 
image at low (l10keV) electron energy. Similar 
information on depth can be obtained by use of 
LBIC with a red laser (A = 0.67 um). To 
estimate quantitatively the dislocation depth 
it is more appropriate to acquire images from 
angle-polished surface. An example of such 
EBIC and LBIC micrographs are shown in Figs. 
4(b) and (c), respectively. Both techniques 
provide essentially the same information about 
the investigated structure. 


Cone Lustons 


In conclusion, the atmospheric ambient of 
laser microscope and its simple operation make 
this instrument increasingly attractive for 
materials studies. We have shown that LBIC can 
be an useful tool for defect imaging and 
defect analysis in Si, both at the near-surface 
region and at buried regions, if it is com- 
bined with angle polishing. However, in com- 
parison with EBIC, LBIC images of defects have 
lower resolution (mainly due to the size of the 
laser beam in this experiment). Moreover, to 
improve the LBIC resolution, special care has 
to be taken in preparation of semitransparent 
Schottky contacts. 
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FIG, 3.--Energy loss distribution of laser and 
electron beam during substrate penetration. 
E,; and Ey are energies of electron beam. 
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FIG. 4.--Images of buried misfit dislocations in XG silicon obtained on angle polished surface 
by (a) optical micrograph of preferentially etched ZMR surface, (b) EBIC image obtained at 15 


keV, (c) LBIC image. 
layer, respectively. 


M, and Mj are misfit dislocations at upper and lower interface of Si(2%Ge) 
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A NEW METHOD FOR MEASURING THE THICKNESS OF THIN-FILM INSULATORS 


S. J. Krause, J. Mohr, G. H. Bernstein, D. K. Ferry, and D. C. Joy 


The development of thin-film technologies has 
created new applications for directing a finely 
focused high-energy electron beam at a thin 
film on a bulk substrate, including electron- 
beam writing of a photoresist on a semiconduc- 
tor substrate.’»* When an electron beam 
strikes a bulk insulator, a fixed negative 
charge may build up and cause charging arti- 
facts, but when an electron beam strikes a thin 
insulating film on a conducting subtrate, 
charging may or may not occur, depending on the 
conditions and the nature of the sample. In 
this paper we describe the conditions for which 
a new, third "crossover" E3 of accelerating 
voltage occurs, at which a thin insulting film 
on a conduction substrate is "dynamically 
charge balanced." The film is electrically 
neutral when it is dynamically charge balanced 
because the charge deposited in the film equals 
the total yield of electrons exiting from the 
film. We have studied surface charging effects 
of a thin film of electron-beam photoresist on 
a silicon substrate and correlated the relation- 
ships between the accelerating voltage and the 
film thickness, substrate atomic number, and 
sample tilt. We have also modeled sample-beam 
interactions with Monte Carlo calculations and 
shown an excellent correlation between simulat- 
ed and experimental results. The concepts of 
“dynamic charge balancing'' and the E3 "cross- 
over" of thin-film insulators on conducting 
substrates should prove useful for measuring 
film thickness and for determining the thickness 
limits to avoid negative charging artifacts in 
imaging or in electron-beam writing. 


Background 


Charging of a bulk sample can be explained 
by examining its current balance as given by 


where Ip is the beam current, Igp is the secon- 
dary electron (SE) current, Ipp is the back- 
scattered electron (BE) current, and Igp is the 
specimen current. The total exit current from 
the sample surface is (Igp + Ipp). In a bulk 
insulator Igp = 0, so that a sample charges 
negatively ohen Ip > (Igp + Ipp); positively 
when Ip < (Igp + Ipp), and is neutral when Ip = 
(Isp + Ipp)- imaging of a bulk polymer or other 
insulating material by scanning electron mi- 
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croscopy (SEM) with SE at normal accelerating 
voltages of 10-25 keV produces a negative sur- 
face potential of hundreds of volts because 

Ip >> (Isp + Ipp).* This potential creates 
"charging" artifacts in the SE image that can 
be eliminated by metal coating of the surface 
so that the difference between Ip and 

(Igp + Ipp) is compensated by Igp.°?* At low- 
er voltages, between 0.5 and 1.5 keV, the total 
electron yield of a material increases until 

Ip = ([cp + Ipp) at an accelerating voltage re- 
ferred to as the second "crossover" E2.°~ 7 

This action results in an electrically neutral 
surface in insulators that makes imaging with- 
out charging artifacts possible. At accelerat- 
ing voltages below E2, Ip < (lop Bid dy but 
only a small posiitve mpotentiat of a few volts 
develops because the surface is self-neutral- 
ized when some secondary electrons are recap- 
tured by the positive surface potential. The 
small positive potential does not cause charg- 
ing artifacts and imaging of an insulator is 
still possible.® At even lower voltages, in 
the range from 50 to 150 eV, the total electron 
yield decreases until a first "crossover" El 
occurs where the surface is also electrically 
neurtral. Curiously, thin films of polymer 
resist on a semiconductor wafer, when imaged or 
exposed to an electron beam at higher energies 
(e.g., 30-100 keV), do not display negative 
“charging” artifacts, although the voltages 

are far above E2.”? To understand this phenom- 
enon, the charge balance of a thin insulating 
film on a conducting substrate during exposure 
to an electron beam must be examined. 


Expertmental 


Polymer films of thicknesses from 0.12 to 5 
um were made by spinning silicon wafers covered 
with Novolac resin. Films were baked for 30 
min at 90 C and thicknesses were measured with 
a Dektak profilometer. Samples were examined 
in a JEOL 840 SEM operated at accelerating 
voltages between 0.2 and 15 keV with a contin- 
uous voltage control. Charging polarity was 
tested by imaging a sample at a higher magnifi- 
cation, usually 500x, then quickly switching 
to a lower magnification, usually 100x. This 
procedure caused a small charged square from 
higher magnification to appear in the field of 
view at lower magnification and persist briefly 
until the surface static charge field became 
uniform again. If the charged square was dark- 
er than the surrounding area, the surface was 
positively charged, since some secondary elec- 
trons were attracted back to the surface; if it 
was lighter, the surface was negatively 
charged, since more secondary electrons were 
collected from the surface. 
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Results 


The general trend of suface charging as a 
function of accelerating voltage was determined 
by first viewing of a 0.83m photoresist film 
on silicon in the SEM at a beam current of 1 x 
107? A with an accelerating voltage beginning 
at 15 keV. As voltage was reduced, the charged 
square remianed dark until 8.3 keV, when con- 
trast reversed, indicating that surface polar- 
ity changed from positive to negative. Voltage 
was further reduced until, at 0.9 keV, the 
charged square again reversed contrast and 
turned dark again, indicating that polarity 
changed from negative to positive. Further 
voltage reductions to 0.2 keV caused no other 
changes. 

The interpretation of the data at the lower 
voltages if fairly normal. The El "crossover" 
was not observed since the lowest available 
voltage was 0.2 keV, which was too high for El 
of the photoresist. As expected, the sample 
charged positively in the range from 0.2 to 0.9 
keV, which is typical for polymers.® The volt- 
age for the E2 "crossover" occurs at 0.9 keV, 
which is also typical for polymers.’*+° Above 
E2 negative charging with increasing voltage 
occurred, as would be expected for a bulk poly- 
mer. However, another change in polarity oc- 
curs at 8.3 keV to give a new "crossover" E3, 
which would be unexpected for a bulk polymer 
but is plausible for a thin insulating film on 
a conducting substrate. The reasons for the oc- 
currence of E3 will be considered later, along 
with a simple model to describe and simulate the 
charge balance of the film. 

The effect of film thickness on the E3 
"crossover" voltage for a series of films was 
measured and the results are plotted in Fig. l. 
The values of E3 vary continuously for thick- 
nesses from 170 nm to 1400 nm and can be fitted 
to a relationship such that (E3)*** is propor- 
tional to the thickness. Varying the beam cur- 
rent typically did not change the value of E3, 
but did cause the persistence time of the 
charged square to increase with increasing beam 
current. Surprisingly, tilting the sample up 
to 40° also did not change E3. However, sput- 
tering a O.lum gold film on the Si substrate de- 
creased E3 from 11.0 keV to 10.0 keV for a 1.3um 
polymer thin film on the surface, 


Dtseusston 


To the first order, the charge deposited in a 
solid at a particular depth can be modeled with 
Monte Carlo calculations by equating the charge 
to the energy deposited at that depth.** If we 
consider this concept with respect to a thin 
film, we can then say that the fraction of ener- 
gy F lost by the incident beam current to the 
film ranges between 0 < F < 1. We make the 
first-order assumption that the fractional ener- 
gy loss by the beam to the thin film equals the 
total charge lost by a fraction of the beam Ip 
that is deposited into the film. The charge 
balance previously discussed can then be modi- 
fied for the thin film as follows: 
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FIG. 1.--Effect of film thickness on beam 


energy of E3 "crossover" for thin-film photore- 
Sist on silicon. 


I 


po (gp + Ipp) + Upp 

If the film is a conductor, then Isp (of the 
film) can maintain neutrality by compensating 
for changes in Ip, Isp, and Ipg as film thick- 
ness or accelerating voltage vary. If the film 
is an insulator, Isp = 0 for the film and the 
film charge balance is generally not 0, but is 
determined by the relative values of Ip and 
(Isp + Ipg). We shall use the term ''dynamical- 
ly charge balanced" to refer to the neutral 
condition at the E3 "crossover" voltage when 
Ip = (Top + Top) The thin insulating film 
charges negatively when Ip > (Isp + Ipp) and 
charges positively when Ip < (ISE + IBE). Also, 
when the sum of Ip = (Igp + Ipg) changes sign 
at E3, the surface polarity changes. The cur- 
rent deposited Ip and the exit electron cur- 
rents (Isp + Ipg) in the film are shown schemat- 
ically in Fig. 2(a) and the ratio of 
(Igpg + Igp) to Ip is plotted schematically as a 
function of accelerating voltage in Fig. 2(b). 
The film behaves as a bulk polymer at lower 
voltages near El and E2, but behaves as a thin 
film at higher voltages near and above E3, as a 
larger fraction of the beam current penetrates 
through the film to be deposited in the sub- 
strate. The interaction volumes are shown in 
Monte Carlo plots for a 0.83ym photoresist film 
on Si in Figs. 3(a), (b), and (c) for energies 
which are below, at, and above the E3 "cross- 
over" for voltages of 6.0, 8.2, and 10 keV, re- 
spectively. These figures show that a larger 
fraction of charge is deposited in the sub- 
strate as the energy increases. 

From these concepts, the charge balance on a 
thin film can be determined by use of Monte 
Carlo methods to calculate Ip, Isp, and Ipgf. 
These calculations take into account interac- 
tions of the primary beam with both the thin 
film and the substrate. The effect of beam 
energy on the fractional energy deposited F, 
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FIG. 2.--Thin-film insulator on conducting sub- 
strate showing (a) schematic diagram of elec- 
tron currents and fractional charge deposition, 
(b) schematic plot of effect of accelerating 
voltage on ratio (Isp + Ipp) to Ip. 


total electron yield (Isp + Ipg), and charge 
balance have been calculated for a 0.83um-thick 
photoresist on silicon and are shown in Figs. 
4(a), (b), and (c), respectively. Figure 4 
shows the film is "dynamically charge balanced" 
at an E3 "crossover" at 8.2 keV, which agrees 
with the measured value of 8.3 keV. A unique 
aspect of the effect of the film-substrate 
couple on electron yield is that as accelerat- 
ing voltage increases, a maximum in secondary 
yield occurs at about 8 keV, as can be inferred 
from the peak of the total electron yield seen 
in Fig. 4(b). 

Monte Carlo methods were used to calculate 
the effect of film thickness on the E3 "cross- 
over'' and it was found that thickness is pro- 
portional to (E3)*+"*, which is in excellent 
agreement with the experimental result. This 
value is similar to, but slightly less than, 
the E+’ dependence of electron range in a 
homogeneous bulk sample as specified by the 
Kanaya—Okayama model.’? This discrepancy is 
probably due to the higher atomic number of the 
silicon substrate compared to the lower atomic 
number of the thin photoresist film. It has 
also been shown that a thin conducting film on 
a bulk substrate also experiences brightness 
changes as a function of accelerating voltage 
when there is a significant difference in the 
BE coefficient of the two materials.’* In this 
work the effect of increasing the atomic number 
of the substrate, as achieved by sputtering 0.1 
um of gold prior to applying the photoresist to 
the silicon, resulted in a decrease in E3 from 
11.0 to 10.0 deV for a 1.3um-thick photoresist. 
Monte Carlo methods were used to calculate the 


FIG. 3,--Monte Carlo plots for electron pene- 
tration in 0.83um-thick photoresist on silicon 


for accelerating voltages (a) 6.0 keV, 
keV, (c) 10.0 keV. 


(b) 8.2 


effect of substrate atomic number for a 0.83um 
photoresist film and it was found that E3 de- 
creased from 8.3 keV for silicon to 7.9 keV 
for GaAs to 7.0 keV for Au. The trend for ex- 
perimental and calculated results agrees and 
can be explained by the fact that total elec- 
tron yield increases with a higher-atomic- 
number substrate because of the higher BE yield 
plus the higher BE-induced SE yield. The ex- 
perimental result that tilt, up to 40°, did 
not affect E3 was somewhat surprising, but was 
in agreement with Monte Carlo calculations, 
which also showed no shift in E3 for tilts up 
to 40°. The constancy of E3 during tilting is 
due to offsetting factors of increased charge 
deposition into the film, due in turn to in- 
creased path length, which is balanced by in- 
creased electron emission from the film. 

The general behavior of a thin insulating 
film is shown in Fig. 5, which schematically 
plots surface potential as a function of accel- 
erating voltage for the first, second, and 
third "crossovers" of El, E2, and E3. The plot 
shows the regions for which it is possible to 
use the SEM to image a thin insulting film when 
the accelerating voltage E is at a value such 
that El < E < E2 or when E 2 E3. It shows 
that it is possible to electron-beam write a 
polymer resist, which requires complete pene- 
tration of the film, when E2E,;. Because E3 
is a continuous function of thickness, the E3 
value for a given film-substrate couple could 
be used to measure film thickness. This mea- 
surement could be made by a comparison of the 
E3 value to a calibration curve obtained 
either from values measured experimentally or 
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FIG. 4.--Effect of accelerating voltage on (a) 
fractional energy deposition F, (b) total elec- 
tron yield (Icp + Ipp), (c) charge balance for 
0.83um-thick photoresist film on silicon sub- 
strate. 


from values calculated from Monte Carlo methods. 
In summary, we have investigated, both exper- 
imentally and theoretically, the effects of 
electron-beam interactions on charge balance 
for a thin insulating polymer film on a conduct- 
ing substrate with a SEM and have demonstrated 
that a new, third "crossover" of accelerating 
voltage E3 exists at which the thin film is "dy- 
namically charge balanced."" This crossover is 
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FIG. 5.--Schematic diagram of effect of accel- 
erating voltage on surface polarity for thin- 
film insulator on conducting substrate showing 
El, E2, and E3 "crossovers." 


due to the fraction of charge deposited in the 
film being balanced by the electrons exiting 
from the film. Monte Carlo calculations on 
the charge balance in the film agree well with 
the experimental results and show that E3 is 
decreased with thinner films and higher-atomic- 
number substrates, but is unchanged by tilting 
to 30°. The concepts of "dynamic charge bal- 
ancing"' and the E3 "crossover" of thin film 
insulators on conducting substrates should 
prove useful for measuring film thickness and 
for determining the thickness limits to avoid 
negative charging artifacts in imaging or in 
electron-beam writing. 
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USE OF SEM AND EDS TO MONITOR AND CHARACTERIZE Al/Cu/Si METALLIZATION 


R. C. Chapman, W. B. Rogers, and D. G. Thompson 


Al/CuSi alloys are commonly used in VLSI metal- 
lization. An Al/Cu/Si alloy is the metalliza- 
tion of choice at the Microelectronics Center 
of North Carolina (MCNC) as well. Because MCNC 
uses liftoff metal patterning processes, these 
alloys are typically deposited on wafers through 
evaporation. In liftoff processing, step cov- 
erage must be minimized to assure separation of 
the metal depositéd on a patterned photoresist 
stencil from that deposited on the substrate. 
Connection of the two deposited films does not 
allow proper liftoff. Through evaporation from 
a single centered crucible, minimal step cover- 
age may be obtained as the vapor stream is vir- 
tually normal to the wafer surface. 

The evaporated metal consists of an 800nm- 
thick 4.5wt% Cu/Al film with a 20nm-thick Si 
cap. The Al and Cu are co-evaporated from a 
single centered crucible. The Si is subsequent- 
ly evaporated from a separate centered source. 
For a 4.5wt% Cu/Al film, it has been found that 
a 26wt% Cu/Al source material is necessary be- 
cause of the different vapor pressures of Al and 
Cu. To maintain the source material concentra- 
tion at 26wt% Cu, the source must be periodical- 
ly replenished with an amount of 4.5wt% Cu/Al 
material equal to the amount that has been 
evaporated, 

After evaporation, the film is annealed in a 
forming gas at 400 C for 30 min. The purposes of 
annealing the metal are several, The primary is 
to increase the conductivity of the metal it- 
self and of the metal-to-silicon contacts; an- 
other is to allow the Cu to precipitate at Al 
grain boundaries to prohibit electromigration 
of the Al, a phenomenon that can lead to openor 
short circuits in device metal lines;* yet an- 
other is to allow the incorporation of Si from 
the Si cap into the bulk metal. By satisfying 
the solid solubility of Si in Al, diffusion of 
Si from the substrate into the overlying metal 
is inhibited and hence prevents junction spik- 
ing, a phenomenon in which the p-n junction is 
shorted.? 

One undesirable effect of the annealing pro- 
cess is hillock formation. A hillock is a pro- 
trusion from the metal film caused by the dif- 
ference in the thermal expansion of the metal 
layer and the underlying substrate. During an- 
nealing of a deposited metal film, the thermal 
expansion of the metal is greater than in the 
substrate, which drives the metal into compres- 
sive stress. To relieve this stress, a local 
raised area (i.e., hillock) is formed.? Hil- 
locks, depending on their size and population, 
can cause shorting between metal levels in mul- 
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tilevel metallization processes. 

Hillocking lends itself to easy study by 
scanning electron microscopy (SEM) and x-ray 
mapping, a form of energy-dispersive spectros- 
copy (EDS) in which the locations of high con- 
centrations of elements in a film can be de- 
termined by correlating electron-beam location 
to detected characteristic x rays. SEM and 
EDS are also useful for examining Cu concen- 
trations in evaporated films. In this study, 
these techniques are used to monitor the Cu 
concentration in evaporated Al/Cu/Si films 
showing the effectiveness of source replenish- 
ment. SEM and x-ray mapping are used to study 
the effects of annealing the alloy. 


Experimental 


Standards were made for quantitative EDS. 


Rutherford backscattering spectroscopy (RBS) 


was used to determine actual Cu concentrations. 
These standards were films of approximately 800 
nm Al/Cu deposited onto 0.5mm-thick graphite 
squares. The source material started as ap- 
proximately 26wt% Cu/Al. Several runs were 
made without replenishing the source, which 
allowed it to deplete. The films obtained 
from these runs were then measured for Cu con- 
tent by RBS. EDS spectra of these standards 
were taken on a JEOL JSM-840 equipped with with 
a Kevex Analyst 8000 EDS system. The electron 
accelerating voltage was 20 keV, which is suf- 
ficient to excite the desired Al Ka (1.49 keV) 
and Cu Ka (8.05 keV) lines. These spectra 
were stored with the RBS-determined Cu concen- 
trations in a library of standards. Using a 
x? matching routine, the standard spectra are 
compared for closest fit to that of an unknown 
using xy? minimization. Once a standard spec- 
trum is chosen, the concentration of Al and Cu 
in the unknown is determined through linear in- 
terpolation of the Al and Cu peaks. 

Using EDS x-ray mapping on the SEM with the 
Kevex system and in situ annealing, we viewed 
the nucleation of Cu and Si in the bulk Al 
metal. An x-ray map of a 3.5 x 5 um area was 
made of an 800nm-thick film of 4.5wt% Cu/Al 
with a 20nm-thick Si cap evaporated onto a Si 
substrate. An electron accelerating voltage of 
5 keV and a specimen tilt of 50° was used to 
minimize the number of electrons that reach the 
substrate and also to accent surface phenomena. 
A micrograph of the area was taken for future 
reference. The film was then annealed in situ 
on a Gatan SEM hot stage for 30 min at approx- 
imately 400 C. Another map of the evaporated 
metal film was obtained and compared to the 
first. A second micrograph was taken of the 
area mapped for correlation of defect locations 
to Cu and Si nucleation sites. 
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FIG. 1,.--Change in Cu concentration in Al/Cu 
films evaporated from replenished and unre- 
plenished sources. 

FIG, 2.--X-ray maps of Al, Cu, and Si in de- 
posited films prior to annealing: (a) Al-K 
map, (b) Cu-L map, (c) Si-K map, (d) corre- 
sponding electron micrograph obtained by 
Everhart-Thornley detector. 

FIG. 3.--X-ray maps of Al, Cu, and Si in the 
deposited films after annealing: (a) Al-K 
map, (b) Cu-L map, (c) Si-K map, (d) corre- 
sponding electron micrograph obtained by 
Everhart-Thornley detector. 


Results and Conelustons 


Figure 1 shows the expected exponential in- 
crease in Cu concentration in the film as the 
source material was depleted to make the Al1/Cu 
standards. Figure 1 also shows that by use of 
these standards with a y? matching routine for 
EDS quantitative analysis, subsequent Al1/Cu 
films can be tracked for Cu concentration. A111 
deposited films track closely to the desired 
4.5wt% Cu concentration. This finding demon- 
strates that not only can EDS be used to monitor 
the Cu content of the films, but also that 
source replenishment does maintain the Cu con- 
centration within the desired range. 

Figures 2 and 3 show the x-ray maps and 
electron micrographs obtained before and after 
annealing, respectively. Nucleation of Cu and 
Si are seen in the once homogeneous films after 
the anneal. Comparison of the x-ray maps to the 
micrographs show no apparent correlation between 
Cu nucleation sites, Si nucleation sites, and 
defect structures, in particular, hillocks. 
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MATERIALS CHARACTERIZATION OF ALLOYED OHMIC CONTACTS ON GaAs 


T. D. Kirkendall and D. B. Wilcox 


The long-term failure of GaAs ICs is often due 
to the degradation of ohmic contacts in MEtal- 
Semiconductor Field Effect Transistors 
(MESFETs) which are active elements of GaAs 
Monolithic Microwave Integrated Circuits 
(MMICs). In this study we investigated the 
failure mechanisms of ohmic contacts fabricated 
by alloying and by sintering on GaAs MMICs and 
identified the physical and chemical qualities 
that would contribute to both low initial con- 
tact resistance and long-term chemical and 
electrical stability of ohmic contacts. 


Technology 


At the present time, the most widely used 
method of fabricating ohmic contacts on n-type 
GaAs involves the multilayer vacuum deposition 
of gold, germanium, and nickel. The proportion 
of Au and Ge is usually chosen to be equivalent 
to the eutectic composition of 88% Au-12% Ge by 
weight. Contact areas are usually defined by a 
mask of photo resist or glass in conjunction 
with a lift off. A high-temperature (2400 C) 
furnace exposure in forming gas is used to ef- 
fect "alloying" between the metals and the 
semiconductor, and thus achieves low contact 
resistance. Specific contact resistivities of 
< 1x 107® Q-cm? are routinely achieved by this 
method; however, the morphology of such con- 
tacts needs further improvements. 

This fabrication process has changed little 
from that originally described 22 years ago by 
Braslau et al.+ The current consensus is that 
the contact is actually made by Ge occupying Ga 
vacancies in the GaAs lattice. The Ni is asso- 
ciated with the formation of compounds with As 
and Ge which react with the GaAs and enhance 
the transport of Ge diffusing in and Ga diffus- 
ing out during the alloying.?’> If the alloy 
time is too long, Au may diffuse into the GaAs, 
where it acts as an acceptor and may compensate 
the n layer.?*3 Should excess Ni diffuse into 
the GaAs, it will act as a deep-level trap." 
Thus, it is apparent that the fabrication of 
ohmic contacts is as much an art as a science. 


Fatlure Mechanisms 


The degradation of ohmic contacts manifested 
by increased contact resistance is one major 
long-term failure mechanism of power MESFETs. 
Factors that can affect the stability of ohmic 
contacts are surface damage, traps associated 
with impurities and defects,° and contamination 
(including oxides) at the interface. 
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In the present study, a comparison is made 
of the compositional and morphological charac- 
teristics of a high temperature furnace al- 
loyed contact (conventional method) vs a rapid 
thermal alloyed (RTA) contact. Both contacts 
were made with electron beam evaporated layers 
of Au (700A)/Ge (350K)/Ni (150R)/Ag (1000R Au 
(18008) in that order on <100> GaAs. The ob- 
jective of this study was to develop a means 
of fabricating ohmic contacts that exhibited 
improved control of alloy depth and long-term 
reliability. Two contact alloying schemes 
were evaluated: (a) the conventional high tem- 
perature/long-time furnace alloy (>400 C/1 
min), and (b) rapid thermal alloy (RTA) of 
320 C/5 s and 475 C/4 s. Both alloy processes 
produced contacts with comparably low contact 
resistances, yet the bulk metallurgical struc- 
ture of the two is widely different. 

Analytical studies were performed on the 
two types of contact alloy by use of an inno- 
vative method to expose the undersides of the 
contacts by selective removal of all the GaAs 
with a backside chemical etch. Shown in 
Fig. 1 are backscattered electron (BSE) micro- 
graphs of the gallium arsenide's eye view of 
the furnace-alloyed and the rapid-thermal- 
alloyed contacts. The contrast in the BSE mi- 
crographs delineates the various phases and 
alloy compositions, from the bright areas as- 
sociated with high gold content to the darkest 
regions denoting phases rich in nickel. At 
least three distinct gray levels are discern- 
ible to the naked eye. There is a marked dif- 
ference in roughness and homogeneity of the 
two contacts. In prior studies by thermal 
wave microscopy,’ the alloy phase segregations 
were shown to extend throughout the thickness 
of the metal contact. 

Since the gray level in the BSE micrograph 
is a function of the average atomic number de- 
termined by the local composition, an estimate 
of the areal distribution of a particular com- 
positional phase or alloy can be obtained from 
a histogram analysis of the BSE image. A dig- 
ital BSE image is collected in a 512 x 512 
pixel array (Fig. 2a) by a computer-controlled 
SEM, and is then played back in portions rep- 
resenting user-selected windows of gray levels, 
such as the three depicted in Figs 2(b), (c), 
and (d). In this example, the three ranges of 
gray level (i.e., atomic number) are identi- 
fied with Au-rich, Ni-rich, all intermediate 
compositions, respectively. The contact in- 
terfacial area of each compositional phase or 
alloy is easily computed by this analytical 
scheme and is useful in elucidating the metal- 
lurgical role of each phase in effecting good 
or poor ohmic contact. 


FIG. 1.--BSE micrographs of undersides of two 
ohmic contacts: (a) conventional furnace alloy, 
(b) rapid thermal alloy. 


Ftlamentary Diffuston 


Power GaAs FETs, operated under short pulse 
conditions, have been seen to fail due to ther- 
mally induced metal intrusion into the GaAs at 
source and drain contacts.°® Irregularities in 
the ohmic contact/GaAs interface are a probable 
source of concentrations of hot electrons lead- 
ing to filamentary metal-GaAs interdiffusion 
and substrate burnout. By use of the back-etch 
process to remove GaAs selectively from the un- 
derside of ohmic contacts, the presence of gold- 
gold-rich spikes has been observed to extend 
thousands of Angstroms beneath the contact in- 
terface, well beyond the nominal penetration 
depth of the contact (Fig. 3). These protru- 
sions occur at random throughout the contact 
area on power GaAs FETs both on the mesa and on 
the buffer layer, but the preponderance of 
spikes occurs on the sloping edges of the mesa 
delineating the n-doped epi layers and the buf- 
fer layer. This configuration indicates that 


thermally assisted diffusion of Au into GaAs is 
sensitive to crystal orientation. The RTA fab- 
rication process eliminates these deep gold 
spikes and produces a more homogeneous inter- 
face structure. Accelerated life tests of 
MESFETs made with the RTA process show predicted 
mean time to failure >10° h as required for 
satellite and other high-reliability applica- 
tions. 


Conelustons 


The RTA ohmic contacts exhibited certain 
preferred morphological and chemical charac- 
teristics especially desired for fabricating 
high-reliability devices: more uniform alloy 
depth, no spiking of the Au into the semicon- 
ductor, less initial lateral diffusion of 
metals, and lower probability of diffusion in- 
duced deep level traps in the vicinity of the 
contacts. The novel technique of etching away 
the GaAs is also a useful tool for failure 
analysis of devices. It allows one to uncover 
and analyze failure sites beneath ohmic and 
Schottky contacts in situ and is less destruc- 
tive than cross sectioning. 
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FIG. 2,--Digitized, 512 x 512 pixel BSE 
micrographs of rapid thermal alloy con- 
tact: (a) original BSE video, (b) high- 
at.no, Au-rich component, (c) low-at.no. 
Ni,GeAs phase, (d) mid-at.no. Ag-rich 
component, 

FIG, 3,--SE micrographs of underside of 
‘conventional alloyed ohmic contact exhib- 
iting filamentary diffusion of Au spikes 
at mesa edge. 
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ROUTINE ELECTRON MICROPROBE ANALYSIS OF CARBON IN HIGH-Tc SUPERCONDUCTORS: INITIAL RESULTS 


R. V. Heyman, D. K. Ross, and Don Elthon 


The recent discovery of high-temperature super- 
conductors (HTSC)?°* has led to a worldwide 
surge of activity to refine and improve these 
materials. Characterization of the microchemi- 
cal and microstructural features of HTSC ma- 
terials is an important step in both under- 
standing the principles of superconductivity 
and in developing new materials. This labora- 
tory has been involved in routine microanalysis 
of materials in the Y-Ba-Cu-O system, the 
Bi-Sr-Ca-Cu-0 system, and other related systems. 
Analyses of these materials, has shown that 
carbon is a common contaminant in specimens 
that have been prepared from carbonate starting 
materials (e.g., BaCO,, CaCO;, etc.). 

Until very recently, measurement of low con- 
centrations of light elements (e.g., C, N, 0) 
required exacting efforts by the electron mi- 
croprobe operator. Very high sample currents 
and very long counting times were required. 
Most intensity ratio correction programs would 
not work; they either produced results that 
were obviously wrong or the correction program 
would not run without major malfunctions. A 
calibration curve was usually the only reliable 
method for working with these elements. 

Recent development of Layered Synthetic Mi- 
crostructure (LSM) crystals provide much higher 
count intensity than previously available, Re- 
cent improvements in quantitative analysis in- 
tensity ratio correction procedures such as 
ZAF and $(pz) combined with improved measure- 
ments of critical coefficients (e.g., Henke co- 
efficients?) and refinements in the correction 
programs themselves have made computer correc- 
tions for the light elements possible. By com- 
bining these improvements in one system, rou- 
tine quantitative analysis of carbon has now 
become both possible and practical. 


Expertmental 


All samples were analyzed on a JEOL JXA-8600 
electron microprobe equipped with four wave- 
length-dispersive spectrometers (WDS) and one 
energy-dispersive spectrometers (EDS). Two WDS 
spectrometers are configured for light-element 
analysis. One light-element spectrometer con- 
tains pentaerythritol (PET), thallium acid 
phtalate (TAP), Layered ae mee Element - 
Boron (LDEB) (2d = 145-150 A)*, and Layered 
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Dispersive Element 1 (LDE1) (2d = 60+1 A) 
crystals. The other light-element spectrome- 
ter contains TAP and New Lead Stearate (NSTE) 
crystals. The other two WDS spectrometers 
each containa PET crystal anda lithium fluoride 
(LIF) crystals. Carbon is usually analyzed 
with LDE1. 

Vacuum in the column region is provided by 
a water-baffled diffusion pump and mechanical 
roughing pump providing 4 x 10°° Torr. The 
gun chamber may be differentially pumped with 
a sputter ion pump (SIP) to 8 x 10” Torr. 

A liquid-nitrogen-cooled anticontamination 
cold finger limits carbon contamination to 
less than 0.003 wt.%/min when activated. The 
cold finger has not been used for most routine 
analyses. 

Automation is by Tracor Northern (TN) and 
consists of a 5600 programmable automation 
controller module and a TN EDS with 5500 dis- 
play system coupled to a Digital Equipment 
Corp. (DEC) 11/73 computer with 3 megabytes of 
memory. Conversion of instrument-~produced in- 
tensity ratios into concentrations used the 
ZAF correction method with Henke et al. coef- 
ficients? as supplied by TN (version 12/L~-80). 

Carbon's peak position is determined by 
TN's CALIBRATE routine in their TASK automa- 
tion program. Background positions are deter- 
mined by examination of spectrometer scans and 
confirmed by count intensity measurements at 
the background positions for all of the ele- 
ments analyzed (Table 1). Potential peak over- 
laps of lines from other elements are also 
identified by this technique. An open detec- 
tor slit was used. 

Usual operating conditions for this instru- 
ment for analysis of HTSC materials are 15 kV 
and 20 nA. These conditions result in a car- 
bon count rate of approximately 1000 counts 
per second on a graphite standard. A 10ym- 
diameter spot size was used, which minimized 
the effécts of surface irregularities , sample 
heating, and low-order inhomogeneity. 

HTSC samples analyzed in this laboratory 
are usually pressed powder pellets, sintered 
pressed-powder pellets, or thin films. Both 
pellet types present several] difficulties for 
carbon analysis. These pellets are friable, 
fine-grained, and porous. They therefore re- 
quire vacuum impregnation in a room-tempera- 
ture self-polymerizing medium so that their 
surfaces can be polished flat. We are not at 
present aware of such a medium that is also 
conductive. Unless the sample is large enough 
to allow conductive painting of both medium 
surface and sample edge, vapor deposition of a 
conductive layer is necessary. We are at pres- 
ent experimenting with Al and Si as conductive 


468 


TABLE 1.--Test for interference peak overlaps on carbon: 100s counting time. All standards 


carbon coated. 


Standard 


Peak 2776 2682 2109 2756 
+25 mm 1388 1450 1218 1564 1815 
-25 mm 1280 1409 1067 1561 


1334 1430 1142 


TABLE 2.--Analysis of Y-Ba-Cu-O film on silicon substrate. First line for each point is analy- 

sis (wt%) with carbon and silicon excluded from ZAF corrections. These 15 points are part of a 

24-point scan in which first and last points were determined by operator; all others by computer 
interpolation. 
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coating alternatives for the traditional choice 
of carbon because ZAF cannot correct for an ex- 
tra thin-film layer of an element being ana~ 
lyzed, 

However, thin-film samples do not present 
these difficulties. At 15 kV accelerating po- 
tential, 2um-thick HTSC films are not pene- 
trated by the electron beam. The sample sur- 
faces are generally flat and relatively smooth. 
These samples can be routinely analyzed without 
any special sample preparation or conductive 
coating, and normal ZAF corrections can be used, 

ZAF calculations were performed on line for 
the major elements (e.g., Y, Ba, Cu, and 0) and 
Al. K-ratio values for all the above elements 
plus Si and C were obtained as output and were 
manually entered into ZAf corrections later. 


Results 


An example of results obtained from a 
Y¥-Ba-Cu-O thin-film HTSC (mominally 2 umn 
thick) deposited on a silicon metal substrate 
is shown in Table 2. These 15 points are in- 
dividual analyses obtained along a traverse 
across the thin-film surface, Peak and back- 
ground counts are collected for Y, Ba, Cu, 0, 
Si, Al, and C at each point. Silicon is ana- 
lyzed to check for possible beam penetration 
into the substrate; Al can sometimes occur as a 
contaminant from ceramic crucibles used in 
sample preparation. 

Carbon concentrations in Y-Ba~Cu-O and 
Bi-Sr-Ca-Cu-O HTSC materials prepared with car- 
bonate starting materials is often of the order 
of 0.5 to several weight percent (Table 2 and 
our unpublished data). Because the combined 
ZAF correction factors for C are approximately 
2.8 for these compounds, a relatively small 
measured concentration ratio (k-ratio) of car- 
bon will result in a substantial amount of car- 
bon in the final concentration value. Carbon 
measurements in HTSC materials consequently re- 
quire very accurate measurements of the inten- 
sity ratios, 


Conelustons 


Development of LSM crystals capable of pro- 
ducing high count rates from carbon and other 
light elements and implementation of Henke cor- 
rection coefficients into vendor-supplied ZAF 
correction programs have made electron micro- 
probe analysis of these elements routine. 

These analytical capabilities are necessary for 
many applications in this laboratory. 
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ANALYSIS OF METAL-OPENS FAILURE IN VLSI Al-Si-Cu METALLIZATION 


T. E. Rothwell and S. A. Myers 


Recently a new failure mechanism has become a 
concern in VLSI metallization. The presence of 
slit-like voids, induced by mechanical stress, 
which cause metal-opens failure has been re- 
ported in the literature.+~° The trend to 
smaller linewidths in multilevel interconnec- 
tion systems increases the occurrence of this 
type of failure, which is linewidth depedent.* 
This type of failure occurred during high-tem- 
perature bias (HTB) stress-testing of a vendor- 
produced qualification test site. The product 
under test had two levels of aluminum/silicon/ 
copper metallurgy with a minimum linewidth of 
15 wm and a 1.3um-thick layer of phosphosili- 
cate glass (PSG) as the overlay passivation, 
This paper describes the analytical techniques 
used to isolate failures, as well as changes 
made to the passivation layer which eliminated 
failures due to metal-opens from later stress 
testing. The failure locations were isolated 
by voltage contrast and observed by scanning 
electron microscopy (SEM). Transmission elec- 
tron microscopy (TEM) was used to study the 
grain structure of the metal lines. 


Expertmentatl 


The test site containing the failures con- 
sists of a logic chain with individual data in- 
puts and outputs replicated 36 times on the 
chip. Each of the chains is connected serially 
via a scan path. The failures were isolated to 
one logic chain output by electrical diagnostics 
on a Takeda tester. Twenty-one failed test- 
site modules were selected as representative 
samples for voltage contrast and failure analy- 
sis. 

Voltage-contrast imaging is an extremely 
useful technique for isolating integrated cir- 
cuit failures in the SEM. In voltage-contrast 
images, regions of a sample at different poten- 
tials appear at different brightness levels in 
the secondary electron (SE) image. This effect 
occurs because of the differences in the local- 
ized electric field strength near areas of dif- 
ferent potentials. An area that is negatively 
biased with respect to ground has a higher av- 
erage field strength near the detector, the de- 
tector efficiency is increased, and the region 
appears brighter. An area that is positively 
biased with respect to ground has a lower aver- 
age field strength, the collection efficiency 
is lowered, and the region appears darker.° 
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FIG, 1.--Schematic of electron-beam test 
system. 


Voltage coding is a voltage-contrast technique 
that allows visualization in a SE image of 
periodic voltage changes in the microsecond 
range. The effect is achieved by synchroniza- 
tion of the chip's operating frequency with an 
integer function of the SEM scan rate. Con- 
ducting interconnects show alternating Light 
and dark areas when current is flowing; non- 
functioning regions of the chip appear as nor- 
mal SE images. 

Voltage coding was performed with an Amray 
1830/ICT E-beam tester. Accelerating voltages 
in the range of 1.2-2.5 keV were used; Low 
voltages are necessary to minimize sample 
charging. The parts were externally driven by 
a Tektronix 9100 DAS pattern generator to 
stimulate the scan chain and clock lines; the 
clock frequency was varied in the ICT tester 
to maximize the failure visibility. A diagram 
of the system used for voltage contrast is 
shown in Fig. 1. Prior to voltage-contrast 
analysis the majority of the PSG passivation 
was removed from the chips by reactive ion 
etching. Figures 2 and 3 show voltage-con- 
trast micrographs containing failure locations, 

Once the metal-opens were located by volt- 
age contrast, further deprocessing was re- 
quired to observe the failure sites in the SEM, 
The interlevel oxide was removed by a combina- 
tion of reactive ion etching for bulk removal 
and wet etching in 7:1 buffered hydrofluoric 
acid for removal of the remaining oxide film. 
Once the metal was exposed the failures were 
visible in the SEM without use of a conductive 
coating. 

Plan view samples of the first-level metal- 
lurgy were prepared for examination in the 
TEM. Small samples were cleaved from chips 
with both types of passivation layers. The 
samples were thinned from the backside to a 
final thickness of 50 ym and mechanically 
dimpled until they were transparent to white 
light. The thinned sections were then mounted 
on copper rings for stability and ion milled 
at 12 and 5 keV. The foils were examined in a 
Hitachi H-800 microscope at 200 keV. 
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FIG. 2.--Voltage-contrast micrograph of metal-open failure in a first-metal clock line. 

FIG. 3.--Voltage-contrast micrograph of metal-open in a second-metal line. 

FIG. 4.--SEM micrographs of characteristic slit-like cracks in (a) first metal, (b) second metal. 
FIG. 5.--TEM micrograph showing grain structure of Al/Si/Cu interconnection with PSG passivation. 
Sample was tilted to show features within grains. (40 kx.) 

FIG. 6.--TEM micrograph showing dislocations generated in grain boundaries of interconnection 
with PSG passivation. (60 kx.) 
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Ditscusston 


Twenty-one failures were selected for isola- 
tion by voltage contrast analysis. The fail- 
ures were divided into the following catego- 
ries: thirteen verified first-metal (M1) 
opens, two suspected Ml opens, three verified 
second-metal (M2) opens, and three unknowns. 
The unknowns were isolated to a single logic 
cell where metal opens were not visible. SEM 
micrographs of both the Ml and M2 fail sites 
were taken at a high-incidence angle to confirm 
that the metal step coverage was good and that 
the lines did not thin at the fail sites. Mi- 
crographs of characteristic slit-like cracks in 
first- and second-level metallurgy are shown in 
Fig. 4. All but one of the metal-opens seen 
were the slit-like cracks widely reported in 
the literature.*-* It has been proposed that 
this failure mechanism is caused by aluminum 
atom migration away from a "bamboo" grain 
boundary. This migration is driven by tensile 
stress applied by the overlying passivation. 
The migration is accelerated by temperature. 
This failure mechanism has been documented as 
occurring frequently in Al-Si lands; in this 
case the failing lands contained A1-Si-Cu. 

The overlay passivation was changed from 1.3 
um of PSG to a bilevel passivation consisting 
of 0.4 wm of PSG with 0.9 ym of plasma nitride 
on top. This overlay reduced the net overlay 
mechanical stress. In the original HTB test 
cell 17 modules had failed because of metal- 
opens by 2000 h of testing. Due to this unex- 
pectedly high level of failures, the stress 
test was continued and 15 additional failures 
occurred by the 3000h readout and 20 more 
failures occurred by the 3700h readout. After 
the manufacturing process was changed to in- 
clude the nitride/PSG passivation, no metal 
opens occurred after 2000 h of HTB testing. 

Transmission electron microscopy was per- 
formed on interconnections from modules with 
both types of passivation layers. The "bamboo" 
grain structure was present throughout the in- 
terconnections from samples with both types of 
passivation. The metallization on the modules 
with the PSG/nitride passivation had grains 
with no evidence of necking or thinning of ma- 
terial at the grain boundaries. Figure 5 is a 
low-magnification micrograph of several grains 
with the sample tilted to show grain structure 
within the interconnections. The grain bound- 
ary has undergone some thinning. The parallel 
dislocations and the dislocations which are 
generated in the grain boundary are shown in 
more detail in Fig. 6. The presence of dislo- 
cations near the grain boundaries supports the 
proposed mechanism of movement of aluminum away 
from the grain boundary. 


1 


Conelustons 


In general, the grains in the sample with 
PSG passivation (the higher-stress film) had 
many more dislocations than the sample with 
PSG/nitride passivation (the lower-stess film). 
It is possible that the high stress from the 
PSG passivation layer caused deformation within 


the interconnections. These areas look as if 
they have undergone plastic deformation as in- 
dicated by the necking within the grains and 
the dislocations that have been generated at 
the grain boundaries. 

The primary failure mechanism for these 
modules was metal-opens. The failure rate 
difference between the two test cells can be 
explained by the passivation material depen- 
dence of the stress applied to the metal in- 
terconnections. This study helped to show 
that the problem of slit-like voids can be 
avoided by use of an appropriate overlay pas- 
Sivation. Changing the overlay passivation, 
which reduced the film stress was shown to be 
a successful method for reducing failures due 
to metal-opens in Al-Si-Cu interconnections. 
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THE MICROSTRUCTURE AND INITIAL MAGNETIC PERMEABILITY OF FAST-FIRED MnZn FERRITES 


S. G. Cho and P, F. Johnson 


Fast firing of electronic ceramics has been 
studied recently for ferrites and BaTiO, ceram- 
ics.*~° Sintering times can be reduced by a 
factor of 80-1000 relative to conventional sin- 
tering while identical magnetic properties are 
maintained.+ However, detailed studies of the 
microstructure of soft ferrites evolved during 
fast firing have not been made. 

The initial magnetic permeability of MnZn 
ferrite is strongly influenced by composition 
and microstructure. Zinc depletion (either at 
the surface or grain boundaries), grain size, 
distribution of porosity, and the oxidation 
state of iron are the important factors deter- 
mining initial magnetic permeability of MnZn 
ferrites.**> In this work, stereological stud- 
ies on the microstructures developed by fast 
sintering and conventional sintering were made 
and depletion of zinc from the sample surface 
was investigated by energy-dispersive spectrom- 
etry (EDS). 


Eapertmental 


MnZn ferrites with excess Zn were prepared 
by normal solid-state ceramic techniques. Re- 
agent grade Fe,0;, MnCO,, and ZnO powders were 
mixed by ball milling and calcined in the air. 
The powders were calcined at either 900 or 1200 
C. Disks and toroids pellets were pressed and 
sintered by fast firing or conventional firing. 
Fast firing was conducted by use of a radio- 
frequency generator and an induction coil. A 
Silicon carbide susceptor was used as a heat 
source. Conventional sintering was done in a 
gas-tight tube furnace. Both fast sintering 
and conventional sintering were conducted in an 
Ar-2% 0, gas flow. 

Sintered specimens were sectioned, polished, 
and etched for scanning electron microscopy 
studies. Average grain size was determined by 
measurement of the mean linear intercept of the 
grains.°~’ The volume fractions of intragranu- 
lar and intergranular porosity were measured 
separately by the point-count method.® Total 
grain boundary surface area per unit volume, S,; 
was measured by the line intercept-method and 
calculated as S, = 2P;, where Py, is the number 
of interceptions of a test line with grain- 
boundary traces per unit length of the test 
line, Chemical compositions of surface and 
bulk area were determined by EDS. EDS spectra 
from the as-received surfaces and the polished 
section of the grain inside the sintered speci- 
mens were collected and analyzed by means of 
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TABLE 1.--Characterization of sintered speci- 
men. 


Specimen ie eae ee ee 
Calcination(°c) | 1200 | 1200 «| _900 «| —_ 900 
Sintering NORMAL 
Grain size(m) 257(5 8)" 
VE (%) | 40 | oz ~~ ss | 
WEP (%) ee Oe ee ee ee 
VE (%) Ee Ye Dc 
S.(um | _ ose | oan | cose | oo 


3800 3400 5300 5200 


* average grain size of fine grains. 


Permeability 


® VS: intragranular porosity, VG: intergranular porosity, V7: total porosity, 


S,: grain boundary surface area per unit volume. 


the standardless quantitative analysis program 
(NOSTD program, Princeton Gamma-Tech, Prince- 
ton N.J.). 


Results and Discusston 


Microstructures of a fast-sintered specimen 
and a conventionally sintered specimen pre- 
pared from the powder calcined at 1200 C are 
shown in Fig. l(a) and (b), respectively. 

High intragranular porosity was found in the 
fast-fired specimens; typical microstructure 
with intergranular pores was observed in the 
conventionally sintered specimen. In spite of 
their different microstructures, both specimens 
have similar initial magnetic permeabilities. 
For a better understanding of the relation be- 
tween the microstructure and magnetic permea- 
bility, stereological microstructure analysis 
was carried out. Stereological data and ini- 
tial magnetic permeabilities for the specimens 
shown in Fig. 1(a) and (b) are summarized in 
Table 1. The similar magnetic permeabilities 
of the specimens, which have quite different 
microstructures, can be explained by use of 
the extended microstructure analysis data. It 
is well recognized that the initial magnetic 
permeability of the soft ferrite increases 
with the grain size and decreases with the 
porosity.’ Since both grain boundaries and 
pores--especially intragranular pores--pin do- 
main wall motion, effects of larger grain size 
(which gives rise to less grain boundary area 
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FIG. 1.--Scanning electron micrographs of Mn-Zn 
ferrites: (a) fast-sintered specimen at 1350 C 
for 30 min (powder calcined at 1200 C), (b) 
conventionally sintered specimen at 1300 C for 


£2. Byers 


3 h (same powder as in a), (c) fast-sintered spec- 


imen at 1350 C for 30 min (powder calcined at 
900 C), (d) conventionally sintered specimen 
at 1300 C for 3h (same powder as inc). 


per unit volume and high intragranular porosity 
of fast-fired specimens) compensate each other, 
and hence result in magnetic permeabilities 
very similar to those of conventionally sin- 
tered specimens with small grain size and in- 
tergranular pores. 

The specimens prepared from the powder cal- 
cined at 900 C have abnormal grains as shown 
in Fig. l(c) and (d), irrespective of the sin- 
tering methods used. However, conventionally 
sintered specimens have a duplex structure 
that was not found in the fast-sintered speci- 
mens. Stereological data and initial magnetic 
permeabilities for the specimens with abnormal 
grains are also summarized in Table 1, The 
specimens with abnormal grains showed higher 
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initial magnetic permeabilities than specimens 
that consist of relatively small, normal 
grains. This result agrees with that of 
Drofenik and Besenicar, who attribute the high 
permeabilities of the specimens with abnormal 
grains to low pinning energy of small intra- 
granular pores, ease of accommodation of cy- 
lindrical wall bulging, and less grain-boun- 
dary-induced stress.° Average grain size gen- 
erally represents the grain boundary area per 
unit volume of the specimen, because they are 
inversely proportional. However, for the 
specimens with duplex structure, as shown in 
Fig 1(d), average grain size is hard to measure 
and often meaningless. Stereological measure- 
ments of the grain boundary area per unit vol- 


ume S, has proved to be an excellent tool for 
these specimens as shown in Table 1. Two dif- 
ferent kinds of specimens which consist of 
abnormal grains have the same magnetic permea- 
bilities, because grain boundary area per unit 
volume and porosities are about the same. 

It was first expected that the fast sinter- 
ing which exposes the specimens to high tem- 
perature for a short time would suppress Zn 
depletion from the specimen surface. However, 
as shown in EDS analysis for the surface and 
bulk of the specimens given in Table 2, the 
fast-sintered specimens show approximately the 
same zinc depletion at the surface as conven- 
tionally sintered samples, in spite of the 
short sintering time. The validity of this 
analysis was examined by a comparison of the 
results obtained from the bulk of various spec- 
imens, where starting composition is main- 
tained throughout the sintering process with 
the calculated starting composition. As is 
shown in Table 2, those values agree well with 
each other. 


TABLE 2.--EDS analysis of the surface and bulk 
of the MnZn ferrites: unit=wt%. 


ee 
pe ee 
nes ona Or eee 


Composition POWDER’ 


* as received surface of the sintered specimen. 
® polished grain area inside the sintered specimen. 


© calculated from the starting composition. 
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Coneluston 


MnZn ferrites sintered by fast firing show 
the same initial magnetic permeabilities as 
those conventionally sintered, although the 
microstructures are quite different. The ex- 
tended determination of the two different 
kinds of porosity improved understanding of 
the differences. The techniques of quantita- 
tive microscopy provide a direct means of un- 
derstanding the favorable effect of grain size 
and the adverse effect of intragranular pores 
on the initial magnetic permeability in MnZn 
ferrites consisting of normal grain structures. 
The specimens with abnormal grains show higher 
initial magnetic permeabilities, even though 
high intragranular porosities are observed. 
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12 
Analytical Electron Microscopy 


EXPERIMENTAL LIMITATIONS OF CBED HOLZ LINES FOR COMPOSITIONAL MEASUREMENTS 


K. S. Vecchio 


Convergent-beam electron diffraction (CBED) can 
be used to obtain quantitative structural in- 
formation from crystalline materials with ex- 
tremely high spatial resolution (<100 nm). Gne 
of the most powerful aspects of CBED analyses 
is the use of higher-order Laue zone (HOLZ) 
lines for absolute lattice parameter determina- 
tion and even more accurate determination of 
relative changes in lattice constants. HOLZ 
lines, which are seen as sharp black lines 
within the transmitted disk of a CBED pattern, 
arise from elastic scattering with reflections 
that occur in upper Laue zones, well away from 
the origin. These HOLZ lines are very sensi- 
tive to lattice parameter changes because small 
changes in either lattice parameter or electron 
wavelength produce large changes in the size of 
the "g-vectors'' responsible for the HOLZ reflec- 
tion.” Since the lattice parameter of a given 
crystal changes with small changes in chemical 
composition, even in the absence of any crystal 
structure changes, HOLZ line analyses offer a 
unique method to infer compositions of mater- 
ials. 

In order to determine the lattice parameter 
of a given material, either of two experimental 
approaches can be employed: (1) a simulation 
technique in which the position of experimental 
HOLZ lines is compared with those generated by 
a computer program, with the position of the 
HOLZ lines in the simulation derived from kine- 
matical diffraction theory in which only lattice 
parameter and electron wavelength are allowed 
to vary; or (2) an experimental technique in 
which the operating voltage is varied, causing 
the HOLZ lines to move, until a unique pattern 
is obtained, whereupon a similar pattern is ob- 
tained from a standard material and the differ- 
ence in voltages between the standard and un- 
known can be used to determine the change in 
lattice parameter.!>? For compositional mea- 
surements, comparison of the experimentally de- 
termined lattice parameter with existing x-ray 
data for lattice parameter vs composition for 
the suspect material can be made to infer com- 
positions. Regardless of which technique is 
used, researchers must use their own judgment 
to establish the best match for the lattice 
parameter determined. However, since the 
choice in lattice parameteris a "judgment call," 
some range for errors (or the accuracy of the 
judgment) should be established. 

In this paper, we are concerned with deter- 
mining the experimental accuracy (i.e., a t 
deviation) of HOLZ line analysis for determin- 
ing chemical compositions. 


The author is at the Department of Applied 
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Experimental Procedure 


Two different sets of solid-solution alloys 
were examined in this study. The first set of 
alloys were Al-rich copper Al-Cu alloys with 
five different alloys ranging from pure Al to 
Al-1.48at.%Cu. The second set of alloys were 
Cu-rich Cu-Al binary alloys ranging fror 
pure Cu to Cu-18.0at.%Al. The composition of 
each alloy was determined by two different 
atomic absorption measurements. CBED HOLZ line 
patterns were obtained from thin-foil samples 
with either a Philips EM400 AEM or a Philips 
CM30 AEM. In either case, the results from 
the same sample were identical for the same 
microscope conditions, as expected. The Al- 
rich samples were examined using a liquid- 
nitrogen cooled holder at -180 C, since HOLZ 
lines are not visible in Al at room temperature 
due to thermal vibrations within the lattice. 


Results and Discusston 


Figure 1 shows a series of HOLZ line pat- 
terns within the transmitted disk in the <114> 
orientation from each of the Cu-rich binary 
alloys. The first observable change between 
the HOLZ lines in the pure copper sample and 
any of the binary samples occurred with the 
1.0at.%Al sample, which corresponds to a 
change in lattice parameter change of approxi- 
mately 3 x 107* or 8.5 parts in 10 000. Fig- 
ure 2 shows simulated HOLZ line patterns which 
represent the best matching obtainable for 
each pattern shown in Fig. 1. Similar results 
were obtained from HOLZ line analyses along 
both the <1l11l> and the <113> orientations of 
the same samples. 

When the Al-rich binary alloys were examined, 
the first identifiable change in HOLZ line 
positions between the pure Al and any of the 
binary alloys occurred with the 0.9lat.%Cu 
sample (Fig. 3). The change in lattice param- 
eter, determined from HOLZ line simulations, 
was approximately 4.4 x 107* or 1 part in 
1000. Comparison of the Al-rich and Cu-rich 
sample shows that chemcial composition measure- 
ments made via the HOLZ line technique can be 
accurate to approximately 1.0at.% change in 
composition. This result agrees well with the 
work of Randle and Ralph,? in which they 
demonstrated that the differences of 1.0at .% 
of Ti could be detected in Ni;Al. 

In order to obtain this high degree of ac- 
curacy with HOLZ line analyses consistently, 
several guidelines for deciding which are the 
best pattern orientations and which HOLZ lines 
display the greatest sensitivity to changes in 
either lattice prameter or accelerating voltage 
should be followed. First, whenever possible 
the operator should choose an orientation with 
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a Single mirror plane in it, such as <114>, 
<113>, or <116> in cubic structures. The high- 
er the index for these orientations (for exam- 
ple, <116> rather than <113>), the greater the 
sensitivity of the HOLZ lines to shifts in ei- 
there lattice parameter or voltage. This rela- 
tionship results from the larger 'g-vectors" 
for the HOLZ reflections responsible for these 
HOLZ lines. As such, for small changes in lat- 
tice parameter, larger displacements of these 
HOLZ lines along the mirror plane result. Whenever 
very high-order ( 3rd order) Laue zones (VHOLZ) 
lines are visible within the pattern, compari- 
son of the shifts between these so-called VHOLZ 
lines and lower-order HOLZ lines can yield im- 
proved sensitivity, as suggested by Sung." 

When the "voltage change" technique is employed 
exclusively, the choice of an orientation with 
at least single mirror symmetry or higher, such 
as <11l1l> or <100> in cubic structures, can 
facilitate the location of a unique and easily 
recognizable HOLZ line intersection. 

If we consider the practical accuracy of 
these HOLZ line measurements to be 1 part in 
1000, then for a 100kV electron beam shifts in 
HOLZ lines should be observable for changes in 
accelerating voltage of approximately 0.2 kV. 
Figure 4 shows one experimental HOLZ line pat- 
tern from pure Cu in the <114> orientation for 
which the accelerating voltage was varied to 
produce the unique intersection indicated by 
the arrow. Figure 4 also contains a series of 
simulations in which the voltage was changed in 
100V steps. The best match of the simulated 


patterns with the experimental pattern was ob- 
However, changes in accel- 


tained at 111.50 kV. 


eration voltage of 100 V do not produce identi- 
fiable changes in HOLZ line positions. After 
changes of 200-300 V, recognizable shifts in 
HOLZ lines could be seen, which agrees fairly 
well with the accuracy predicted from the pre- 
vious experiments. 


Conelustons 


Using a series of binary alloys, we have 
shown that an accuracy of approximately 1.0at.% 
can be obtained for chemical composition mea- 
surements made by use of HOLZ line analysis. 
This level of accuracy would be very difficult 
to obtain with most other analysis techniques 
available on a current analytical electron mi- 
croscope, such as electron energy loss sSpec- 
troscopy (EELS) or x-ray energy-dispersive spec- 
troscopy (EDS). However, identification of 
phases with unknown compositions still require 
the use of these other techniques to identify 
which elements are present within the phase. 

The incorporation of VHOLZ lines and use of sin- 
gle mirror orientations have been shown to pro- 
duce the greatest recognizable sensitivity to 
HOLZ line shifts. 


References 


1. P. M. Jones et al., Proce, Roy. Soe. Lond. 
354A; 197-222, 1977. 

2. R. C. Ecob et al., Phil. Mag. 44A: 1117- 
Ti33.. 

3. V. Randle and B. Ralph, 
305-312, 1987. 

4. C. M. Sung, Proce. 45th Ann. Meet. EMSA, 
1987, 46-47. 


J. Miero. 147A: 


FIG. 4.--Experimental HOLZ line pattern from pure copper along <114> orientation showing unique 
HOLZ line intersection at approximately 111 kV; and computer simulations of HOLZ lines in which 


accelerating voltage was varied by 100 V in each to produce best matching (at 111.50 kV). 


Little 


or no significant shifts occur in HOLZ lines for changes of only 100 V. 
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USING THE (200) THICKNESS CONTOUR TO MEASURE THE Al CONCENTRATION 
Al Ga, _,As-GaAs MQWS STRUCTURES 


H.-J. Ou, R. W. Glaisher, J. M. Cowley, and H. Morko¢g 


Many techniques have been used in determining 
the Al concentration of AlxGa,~xAs in 
AlxGa,-xAs-GaAs MQWS structures, such as Raman 
spectroscopy, x-ray diffraction, Auger spec- 
troscopy, and photoluminescence,.+~° It has 
also been suggested that the intensity of the 
(200) diffraction from AlxGa,_xAs, which is 
sensitive to its Al content, could be employed 
in measuring the Al concentration of each 
AlxGa,-xAs layer. *~® A linear relationship be- 
tween the (200) nanodiffraction intensity and 
the Al concentration of AlxGay-xAs for the re- 
gion of constant thickness was found to be 
useful in determining the local Al concentra- 
tion within the layer of AlxGai-xAs. In this 
report, the effects of the Al concentration 
of AlxGa;-xAs on its (200) nanodiffraction in- 
tensity is studied and a chart of the (200) 
thickness contour position vs the Al concen- 
tration is used for microanalysis, giving the 
absolute Al concentration for two 
AlxGa,_yAs-GaAs MQWS samples. 

Calculations of the (200) nanodiffraction 
intensity, by consideration of the dynamic 
scattering of a 10A nano-probe incident elec- 
tron beam, were done with a modified Ishizuka 
multislice simulation program, As shown in 
Fig. 1, the calculated intensity of the (200) 
nanodiffraction spot from AlxGa,-xAs grows 
stronger, but the thickness for the first mini- 
mum of the (200) diffraction intensity or the 
first (200) thickness contour decreases as the 
Al concentration increases. A chart of the 
(200) thickness contour position vs Al concen- 
tration is shown in Fig. 2. It is immediately 
evident that the measurement of the (200) 
thickness contour can be used as a guide for 
knowing the Al concentration of AlxGa,-xAs. 
With use of the VG-HBS scanning transmission 
electron microscope (STEM), the (200) dark- 
field STEM image is easy to obtain, since the 
(200) diffraction spot can be solely detected 
by a small detector, with the specimen remain- 
ing in the [001] on-zone orientation. In the 
(200) dark-field STEM images, the layer of 
AlxGay-xAs appears in bright contrast and the 
layer of GaAs is in dark contrast as back- 
ground. 
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A cleavage specimen is used. The thickness 
is taken as twice the distance from the edge 
in the (200) dark-field STEM images.? For 
AlxGai.xAs-GaAs MQWS sample #1, on which 120 
periodic layers of 20A-thick AlAs and 508- 
thick GaAs were grown on a GaAs substrate by 
MBE, the first (200) thickness contour is mea- 
sured as 320 + 10 & for the AlxGa,-xAs region 
of bright contrast in the (200) dark-field 
STEM image of Fig. 3. We see from Fig. 2 that 
these layers of AlxGai-xAs contain x = 1. But 
the measured widths for the layers of 
AlxGa,_xAs and GaAs are 15 A and 55 R each. 

We can thus conclude that sample #1 has period- 
ic layers of 15k-thick AlAs and 55&-thick GaAs 
and the layer thickness of AlAs is smaller by 

5 A than derived from MBE growth. 

The same analysis was carried out on sample 
#2, which consists of 30 periods of MBE-growth 
layers of 100R-thick AlxGaj-xAs (x = 0.3) and 
40A-thick GaAs. The first (200) thickness con- 
tour measures 300 + 10 & for the 100A-thick 
layers of Al,Gai_xAs in the (200) dark-field 
STEM image of Fig. 4. The Al concentration for 
AlxGa,_xAs of AlxGa;_xAs-GaAs sample #2 is then 
found to be x = 0.26, The exact layer thick- 
ness for either AlxGa,-xAs or GaAs is the same 
as proposed by MBE growth, but the Al concen- 
tration of AlxGa,_xAs is 4% less than expected. 
The brightness change, observed in the direc- 
tion vertical to the Al,Ga,_xAs layer, is due 
to the chemical inequivalence of less Al con- 
tent. This uneven distribution of chemical 
composition for Al,Ga,_,As is also believed to 
be the reason for the modulation of the bright- 
ness along the direction of the layer of 
Al,Ga,_yAs. Such composition change is be- 
lieved to be caused by interruption of growth 
and/or chemical reactions among the sources of 
Al, Ga, and As during MBE growth. The progress 
of this growth study and the measurement of the 
local Al concentration for the chemical in- 
equivalence region will be reported elsewhere. 
The layer thickness measured for GaAs is 40 R, 
which is the same as expected by MBE. No (200) 
thickness contours were measured in the GaAs 
region on either sample; presumably, the Al 
concentration is less than x = 0.05, the detec- 
tion limit. Also, the nanodiffraction patterns 
shown in Fig. 5 assure that both samples have 
good epitaxial growth between Al,Ga,_ As and 
GaAs. 

The (200) thickness contour thus is shown 
to be useful in measuring the Al concentration 
for AlyGai_xAs in the Al,Ga;_,As-GaAs MQWS sam- 
ple. The precision of +10 A in the thickness 
contour measurements suggests that the accuracy 
for measuring theAl concentration of A1l,Ga,_,As 
could be as good as +0.02. More use of the 
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FIG, 1,--Plot of (200) nanodiffraction intensity vs thickness for Al,Gai_,As of x: (a) 0%, 
(b) 20%, (c) 40%, (d) 60%, (e) 80%, (f) 100%. 
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FIG. 2.--First thickness contour vs Al 
concentrations. 


FIG, 3.--(200) dark-field STEM image of 
AlxGa,_,As-GaAs sample #1, which shows 
layers of 15A-thick AlAs in bright con- 
trast and 55X-thick GaAs in dark con- 
trast. Measurement of first thickness 
contour on AlAs region is 320 + 5 

FIG, 4,--(200) dark-field STEM image 

of sample #2, which shows bright lay- 
ers of 100A-thick AlxGai_xAs (x = 0.22 
+ 0.01) with dark layer of 40A-thick 
GaAs in between. First thickness con- 
tour of AlxGa,-xAs layer is 800 + 5 & 
and those two chemical inequivalence 
regions observed within AlxGa,.xAs lay- 
er are 5 & in thickness. 

FIG. 5.--Nanodiffraction patterns from 
the regions of (a) GaAs, (b) AlxGaj,_ As 
(x = 0.026) and (c) AlAs show that 
these MBE-grown layers of AlxGa,_xAs- 
GaAs MQWS are in good epitaxy. 
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RELIABILITY OF VARIOUS SYMMETRY FEATURES AND PROCEDURES FOR 
POINT GROUP DETERMINATION OF THIN SPECIMENS BY CBED 


J. M. 


Convergent-beam electron diffraction (CBED) can 
be used to determine the point or space group 
of a sample region that is only a few tens of 
nanometers across, This makes it a very useful 
technique in materials research. Although 
symmetry analysis in a relatively thick sample 
is usually straightforward, symmetry determina- 
tion of thin specimens may require caution and 
considerable judgment.? This paper examines 
the effect of decreasing specimen thickness on 
the symmetry features that are present in CBED 
patterns. A hierarchy of reliability is estab- 
lished for symmetry features and procedures 
that are used to determine point and space 
groups. 


Experimental 


Disks of a-titanium 3 mm in diameter were 
electropolished in a twin-jet apparatus by use 
of a 25%HNO;/CH30H solution at -35 C,50 V, and 
50 mA. The CBED experiments were performed on 
a Philips EM400 fitted with a free-lens control 
for the second condenser lens. Both 300 and 
100 um condenser lens apertures and 450 and 280 
mm camera lengths were used to record the zero- 
order Laue zone (ZOLZ) and first-order Laue 
Zone (FOLZ) patterns, respectively. A double- 
tilt, liquid-nitrogen cold stage (-180 C) was 
used to reduce contamination on and thermal 
diffuse scattering in the specimen. 


Symmetry Features in a CBED Pattern 


A CBED pattern usually contains both two- 
dimensional and three-dimensional symmetry in- 
formation.* Table 1 lists the symmetry fea- 
tures in a CBED pattern and whether they pro- 
vide two- or three-dimensional crystallographic 
information. Certain features such as higher- 
order Laue zone (HOLZ) lines provide three- 
dimensional symmetry information when they are 
present. Other features such as Kikuchi lines 
and the disk pattern can provide two- or three- 
dimensional information depending on the dif- 
fraction conditions. For example, HOLZ Kikuchi 
lines provide three-dimensional symmetry infor- 
mation when they are present in the CBED pat- 
tern. However, when they are absent, the ZOLZ 


Kikuchi lines provide only two-dimensional in- 


formation. Similarly, the disk pattern can 
provide three-dimensional information when the 
HOLZ disks are visible. Otherwise, the disks 
provide no more symmetry information than a 
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~ still visible. 


Howe 


TABLE 1.~-Symmetry features and their crystal- 
lographic information in CBED pattern. 


Symmetry feature Crystallographic information 


HOLZ lines 3-dimensional 
Kikuchi lines 
HOLZ 3-dimensional 
ZOLZ 2-dimensional 


Intensity fringes 2-dimensional 
Disk pattern 
HOLZ 


3-dimensional (with ZOLZ) 
ZOLZ 


2~dimensional 


conventional spot pattern. The intensity (or 
thickness) fringes within the CBED disks pro- 
vide only two-dimensional symmetry information, 
even though their origin is due to dynamical 
diffraction. 


Vartation of Symmetry Features with 
Spectmen Thickness 


For relatively thin specimens, it is neces- 
sary to know how each of the symmetry features 
in Table 1 changes with specimen thickness and 
whether or not it displays the correct crvstal 
symmetry. Figures 1(a-c) show a series of 
three [0001] CBED patterns taken from progres- 
sively thinner regions of the o-titanium sam- 
ple. An enlargement of the ZOLZ in Fig. l(a) 
is shown in Fig. 2. The space group of a-tita- 
nium is P6;/mmc (point group 6/mmm); in a 
[0001] zone-axis pattern (ZAP) the bright-field 
(BF), whole-pattern (WP), and projection dif- 
fraction (PD) symmetries should all be 6mm.‘ 
Examination of the ZOLZ and HOLZ Kikuchi lines 
and the HOLZ disks in Fig. l(a) shows that the 
WP symmetry is 6mm. Additional examination of 
the intensity fringes in the ZOLZ disks and 
HOLZ lines in the BF disk in Fig. 2 shows that 
the PD and BF symmetries are also 6mm. There- 
fore, all the features in Table 1 display the 
correct symmetry in this relatively thick area 
of the sample. Also, the 1121 disks (arrows) 
in the FOLZ in Fig. l(a) display Gjonnes-Moodie 
(G-M) lines® since they are forbidden for the 
space group P6;/mmc. 

In Fig. 1(b), translation of the specimen to 
a thinner region has eliminated HOLZ lines and 
HOLZ Kikuchi lines from the pattern, though ZOLZ 
Kikuchi lines and disks in the ZOLZ and FOLZ are 
However, comparison among the 
Kikuchi lines in Fig. 1{(b) shows that their in- 
tensity is uneven and that they do not display 
6mm symmetry. Therefore, when the Kikuchi 
lines are included in the WP symmetry in 
Fig. 1(b), the symmetry is not 6mm (it is ac- 
tually 2). The enlargement of the ZOLZ disks 
at this thickness in Fig. 1(d) shows that the 


Cc 


a 


FIG. 1,--CBED patterns of [0001] a-titanium in (a) thick, (b) thin, and (c) very thin regions; 


(d) enlargement of ZOLZ detail from (b). 


intensity fringes in the disks still display 
6mm symmetry (although their intensity is also 
slightly uneven) and that the PD symmetry is 
still correct. Therefore, the ZOLZ Kikuchi 
lines appear to be less reliable than the in- 
tensity fringes in the ZOLZ disks for providing 
the correct crystal symmetry, although the 
latter may also deviate from ideality. 
lines in the FOLZ are barely visible in a few 
of the disks in Fig. 1(b). 

A further reduction in specimen thickness 
eliminates the Kikuchi lines entirely, result- 
ing in the CBED pattern shown in Fig. l(c). 
Since the disks in the FOLZ are clearly visible 
in Fig. l(c), the pattern displays the correct 
three-dimensional WP symmetry of the sample, 
even though only disks are left in the pattern. 
Therefore, as the specimen thickness decreases, 
the features in Table 1 gradually disappear in 
the order that they are listed. That is, HOLZ 
lines in the BF disk disappear first, Kikuchi 
lines gradually fade and eventually disappear 
next, intensity fringes in the ZOLZ disappear 
last, and the CBED disks in both the ZOLZ and 
HOLZ remain. 

This sequence is further illustrated by the 
[1104] ZAP from a-titanium shown in Fig. 3. In 
this pattern, the specimen thickness is such 
that the HOLZ lines are no longer visible in 


The G-M 
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the BF disk, although ZOLZ Kikuchi lines (ar- 
rows) and intensity fringes in the disks (slight- 
ly distorted) are still present and indicate that 
the PD symmetry is 2mm. However, the disks inthe 
FOLZ show that the WP symmetry is m and there- 
fore, that one can determine the PD symmetry and 
WP symmetry from only the symmetry of the 

disks in the ZOLZ and FOLZ, without consider- 
ing either the Kikuchi lines or intensity 
fringes. Therefore, if there is sufficient 
high-angle scattering and the disks in HOLZs 

are visible, determination of the point group 

of the specimen in very thin regions can be 
performed reliably by consideration of only the 
three-dimensional disk pattern. This determina- 
tion is greatly facilitated by use of a liquid- 
nitrogen cold stage, which enhances high-angle 
scattering. Otherwise, the three-dimensional 
symmetry information provided by HOLZ lines 

and HOLZ Kikuchi lines appears to be very re- 
liable, whereas two-dimensional information 
provided by ZOLZ Kikuchi lines and intensity 
fringes can be quite unreliable. 


Reltability of Various Procedures for Deter-~ 
mining Symmetry of Thin Spectmens by CBED 


Several procedures can be used to determine 
the point group of a specimen by CBED. One of 


the earliest procedures was introduced by Bux- More recently, Tanaka et al.’ have introduced 


ton et al.’ and further refined by Steeds and a symmetric many-beam (SMB) method for deter- 
Vincent.®° This method uses the +g technique, mining the point group of a specimen. The 
which compares the detail between opposite method is similar to that of Steeds and Vin- 
ZOLZ disks to test for a center of symmetry. cent® except that under favorable circum- 
stances, the diffraction group and thus the 
FIG, 2.-+20L2 Getail corresponding to CBED pat-  Ppoimt eroup can be identified from 4 singie 


SMB pattern from the figures provided in 
Tanaka et al.’ A third method has been out- 
lined by Loretto® and used extensively by 
Kaufmann and Fraser.” This method compares 
the PD and WP symmetries from several differ- 
ent ZAPs to determine the point group. Each 
of these methods has certain advantages and 
disadvantages (particularly in the analysis of 
thin specimens), which are discussed below. 

The method used by Loretto® and Kaufmann 
and Fraser’ appears to be the most reliable 
technique for determining the point group of 
thin specimens for the following reasons. The 
method uses the PD and WP symmetries in the 
CBED pattern, and they can be reliably obtained 
from the ZOLZ and HOLZ disks in very thin 
specimens. In addition, several ZAP are usu- 
ally required to determine the diffraction 
group, which provides internal consistency in 
the data. In contrast, the analyses in the 
previous section showed that symmetry features 
such as intensity fringes and Kikuchi lines 
may not yield the correct crystal symmetries 
for thin specimens, This conclusion is furth- 
er supported by an earlier investigation?°® 
which showed that the tg test for centrosymme- 
try can give the wrong result when the sample 
is thin and no HOLZ lines are present in the 
BF disk. Such data can complicate the deter- 
mination of the diffraction group 
by the technique of Buxton et al.” 
and Steeds and Vincent.® Although 
the SMB method appears to be less sen- 
Sitive to thickness effects, possibly 
because greater dynamical interaction 
occurs in a many-beam situation, the 
intensity fringes in the ZOLZ disks are 
still quite sensitive to the sample 
condition for thin specimens and the 
symmetry may not be correct if HOLZ 
lines are not present in the SMB pat- 
tern. Thus, while these techniques can 
be simpler because they do not require 
extensive tilting of the specimen in 
the microscope, more caution must be 
used when they are applied to thin 
specimens. 


tern in Fig. l(a) 


Cone lustons 


Higher-order Laue zone lines 
and HOLZ Kikuchi lines give reli- 
able three-dimensional symmetry infor- 
mation. Intensity fringes and ZOLZ 
Kikuchi lines appear to be sensitive to 
sample conditions and may not give ac- 
curate symmetry information. Both 
ZOLZ and HOLZ disk patterns display the 
correct symmetry for very thin speci- 
mens. Use of a liquid-nitrogen cold 
stage and high-index ZAPs increase 


FIG, 3.--CBED pattern of [1104] a-titanium in thin 
regions. 
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HOLZ interactions, which facilitates analysis 
of thin specimens. The ZAP method of point 
group determination may be more reliable than 
either the +2 or SMB method for very thin 
specimens. 
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AEM SPECIMENS: STAYING ONE STEP AHEAD 


a Fs Malis 


The transformation of transmission to analyti- 
cal electron microscopy (TEM to AEM) has in- 
creased the complexity of specimen preparation 
because of the differing requirements for both 
visual and chemical analysis on a growing di- 
versity of materials combinations. Surface 
phenomena affect AEM data at the low values of 
specimen thickness preferred for most micro- 
analysis, and thickness variability can pro- 
duce detrimental effects. This review high- 
lights recent innovations in specimen prepara- 
tion and presents examples illustrating the 
need for specimen characterization and main- 
tenance. 


Recent Developments in Specimen Preparatton 


One of the obvious ways of combatting foil 
thickness in analyzing small second phase par- 
ticles is to extract them, and a recent review 
has gone into some detail concerning films 
other than the standard C for light-element 
analysis by windowless energy-dispersive x-ray 
spectroscopy (EDS) or electron energy loss 
spectroscopy (EELS). A related form of high- 
lighting specific phases has been the use of 
reactive ion etching to dissolve preferenti- 
ally the Si3N, matrix in a ceramic matrix com- 
posite (CMC), leaving the intergraunular 
Y-Al-Si glassy phase and the SiC reinforcing 
fiber seemingly unaffected.? 

Grinding to produce particulate is a fast 
and simple means of producing EEL standards 
from brittle ceramics* or for AEM of supercon- 
ducting ceramics;* airborne particulate can be 
collected by a charged wire method.°® The major 
drawback of particles, unfortunately, is steep 
thickness gradients. 

Electropolishing of self-supporting disks 
has seen significant upgrading through develop- 
ment of an acid-free electrolyte which has 
been used in a one-side polishing configura= 
tion to thin an impressive number of single 
and multiphase materials without preferential 
polishing: Au, Ge, Si, stainless and marten- 
sitic steels, V and Zr alloys, and even the 
1-2-3 superconducting ceramics. ° 

Advances have been made in ion thinning, in- 
cluding the use of mechanical or chemical 
dimpling to reduce thinning time, minimize 
preferential thinning, and even thin to per- 
foration.’ Four approahces to the problem of 
site-specific cross sections for ion thinning 
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were recently summarized, ° including methods 
that have been used to study steel oxidation’ 
and wear.’ A different approach to Al oxida- 
tion was the drilling of an off-centered 1mm 
hole in a 3mm disk followed by oxidation, epoxy 
filling, and ion thinning.** Another, centered 
hole-drilling method has been used to construct 
composite disks for the study of radioactive 
material so as to minimize x-ray counts .7? 

Plan view ion thinning of epitaxial ZnSe on 
GaAs has been accomplished successfully by pho- 
toelectrochemical etching of the GaAs substrate 
before reactive ion etching of the ZnSe.?° 

The growing problem of differing ion thin- 
ning rates for the metal and ceramic phases in 
metal matrix composites (MMCs) has led to at- 
tempts to post-treat the perforated specimen 
using either chemical polishing or precision 
ion milling (PIMS) of the thicker phase.?" 
Others have combined uniform initial chemical 
thinning with final jet electropolishing.?* 
Encouraging results have been obtained in a re- 
cent characterization of an Al-SiC MMC,?® 
Figure l(a) shows that a cluster of SiC parti- 
cles fell out of a foil in the late stages of 
thinning, but continued thinning for a few 
hours led to development of numerous thin areas 
adjacent to these holes in which metal/ceramic 
interfaces could be analyzed (Fig. lb). Figure 
l(c) shows another specimen that had produced a 
large hole with few thin areas. Again, con- 
tinued thinning for a few hours produced multi- 
ple perforations around the rim of the hole, 
with some thin regions large enough to include 
entire SiC particles, e.g., the 10 x 50um par- 
ticle shown in part in Fig. 4. 

Since both electropolished and ion-thinned 
disk specimens suffer from variable thickness, 
diamond knife sectioning (ultramicrotomy) has 
seen growing usage as a complementary prepara- 
tion technique particularly amenable to AEM by 
virtue of producing large sections (up to a 
hundred micrometers square) with uniform, con- 
trolled thickness.3 Site-specific sections are 
generally easier to produce than for ion thin- 
ning, particularly for surface or near-surface 
regions. Thus, impressive longitudinal sec- 
tioning of 30um-diameter Al circuit bonding 
wire has been achieved,?’ as well as both 
cross sectioning and plan-view serial sectioning 
of multilayer magnetic recording media.?°® Micro- 
toming largely developed in the area of corrosion 
research and a recent review of many corrosion 
applications has been compiled.’ Two differ- 
ent catalyst studies have noted the benefits 
of microtoming in obtaining information on both 
small scale (HREM) structures*® and large-scale 
particle distributions** more representative 
than the common method of crushing and disper- 
Sion on grids. A method that takes advantage 
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of the concoidal nature of glass fracture and 
uses pretreatments to enable stronger glass- 
epoxy bonding has proved to be a superior 
method for sectioning of multilayered optical 
glasses ,?? 

The relative ease of certain cases of sec- 
tioning is demonstrated in Figs. 2 and 3. 
Figure 2 shows alternate layers of CeO, and 
Cr,0, sputter deposited on Al, then sectioned 
without any embedding or electroplating (total 
preparation time of about 1h). Although sub- 
stantial distortion of the layers has taken 
place, segments suitable for detailed imaging 
and/or AEM remain intact. Reduced preparation 
time was also significant concerning the BN 
fibers of Fig. 3, where the goal was to de- 
termine whether residual O from the B,0, pre- 
cursor remained after nitriding. After embed- 
ding in epoxy, many sections were produced 
(Fig. 2a), with the uniform thickness enabling 
rapid EEL spectral collection and processing 
(less than two days) and the conclusion that 
the residual O level was not unduly high (Fig. 
2b). Subsequent examination in a Zeiss 902 
EELS-imaging TEM showed the O to be very uni- 
formly distributed and not concentrated at the 
fiber core. A comprehensive review of ultra- 
microtomy related to materials science is in 
preparation.?4 


AEM Specimen Charactertzatton 


As the thickness limitations of EELS (and 
to a lesser extent, EDS) combine with various 
surface effects to hinder reliable 
quantitative analysis, a case can be made for 
some form of AEM specimen "quality control." 
EELS is an ideal technique for this task, as 
it can rapidly monitor either relative or abso- 
lute Specimen thickness by the log-ratio tech- 
nique,** as well as detect and even quantify 
oxide and/or contaminant layers present.? The 
log-ratio method has been found to be linear 
to thicknesses as low as 10 nm,** and good 
agreement for the values of \ (the mean inelas- 
tic scattering length needed for absolute 
thickness determination) has been found,**»?5 
Moreover, the realm of reliable EEL quantifica- 
tion continues to expand regarding confirmation 
of calculated cross sections and determination 
of experimental ones.”°~*° Other microscope 
modes such as secondary electron (SE) imaging 
or diffraction techniques can contribute valua- 
ble information regarding specimen integrity. 


Spectmen-related Problems (and a Few Sotuttons) 


There has been debate concerning spurious 
matrix adhesion to extracted particles, but a 
consensus seems to be emerging that such pickup 
can indeed occur and can be distinguished from 
a genuine presence of matrix elements within 
the particle only if rigorous replicating pro- 
cedures are followed, especially with regard to 
washing. In addition, there is a size limit 
of 5-10 nm below which it is almost impossible 
to distinguish between the two effects. Mass 
loss from small oxides, nitrides, and carbides 
under certain beam currents continues to be a 
problem. 


Electropolishing artifacts have been known 
to influence AEM data through such effects as 
preferential precipitate attack, grain boundary 
grooving, and enriched surface oxides. The 
above EELs methodology has been quite useful 
in characterizing this phenomenon.> Ion thin- 
ning can produce grain boundary grooving as 
well as Si contamination from diffusion pump 
oil and significant amorphous surface layers 
(typically 20-30 nm) .*? Ton-induced precipi- 
tate alteration has been seen in Al-Li-Cu al- 
loys?° and evidence for heating up to 370 C in 
Au/Si bilayers,°*? although data on ferroelec- 
tric ceramics indicated heating less than 
55 Ci? 

A major drawback of variable specimen thick- 
ness was found in conducting EDS traces into 
the SiC particles of the MMC of Fig. 1 to con- 
firm possible Al diffusion.3* Significant 
amounts of Al were indeed found extending up to 
1 um into the carbide, but it was noted that 
the Al profiles from locations with different 
orientation of the SiC with respect to the 
x-ray detector showed differing dependencies 
with distance, indicating possible fluorescence 
of Al by Si K x rays. EELS showed no detect- 
able Al for the great majority of inter- 
faces or confined to within 50 nm of the inter- 
face when it was detected. A similar fluores- 
cence effect has been observed for Y-rich in- 
tergranular phases in sintered SigN,.** EELS 
is the only safe technique to use for such ma- 
terial combinations; however, Fig. 4 graphical- 
ly indicates the thickness limitations imposed 
on EEL analysis in typical wedge-shaped foils. 

Ultramicrotomy may eliminate thickness vari- 
ability but can present other hazards. Damage, 
such as the shattering of hard phases (shown 
for an MnAl, intermetallic phase in Fig. 5) can 
obscure features although it does not necessar- 
ily preclude microanalysis or diffraction. 
Anodic corrosion of the matrix around precipi- 
tates caused by the water bath on which the 
section floats is a problem with Al alloys 
(Fig. 5) and some other metallic systems. (No 
practical substitute for water yet exists as a 
microtoming bath.) A more subtle artifact was 
observed in the study of the BN fibers (Fig. 
3), where a 10nm-thick C layer (Fig. 3b) ap- 
peared to have been smeared across the fibers 
during sectioning, most likely because of the 
greater elastic response to sectioning of the 
epoxy relative to the hard fibers. 

Figure 6 shows electron beam damage in an 
intergranular glass phase of ion thinned Si3Ny 
which may have been inhibited by post-thinning 
phenomena. That is, SE imaging showed the dam- 
age blisters to be internal, and sequential EEL 
analyses indicated no significant mass loss. 
The C-layer deposited to prevent charging, 
along with the normal C contamination layer, 
may actually "seal in'' the damage. In view of 
growing concerns over mass loss from knock-on 
sputtering in medium voltage AEM °° this effect 
may be worth investigating. C evaporation has 
been proposed also as a possible means of pre- 
venting contamination cones on electropolished 
foils,? but O pickup during C deposition®” is 
possible. 
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FIG. 1.--(a) Al-SiC thin foil showing particle fallout. (b) Typical Al/SiC interface region. 
(c) Foil showing "double-hole' effect from continued thinning. 


FIG. 2.--Ultramicrotomed 50nm-thick section of layers of CeO, (dark) and Cr,0; (light) deposited 
on Al. Direction of cut arrowed. 


FIG. 3.--(a) Ultramicrotomed 70nm-thick section of BN fibers in epoxy. (b) EEL spectrum (120 
keV, 5.6 mrad collection angle) typical of all fibers. 
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FIG. 4.--Centered dark field of portion of SiC particle with jagged Al/SiC interface. Only 
portion amenable to EE], analysis is arrowed fover 100 um of total interface). 
FIG. 5.--Thin section of Al-Mn alloy showing preferential matrix corrosion at particle by micro- 


tome water bath. 
FIG, 6.--(a) Intergranular glass phase in Si3Ns before microanalysis. {(b) Internal damage from 


focused beam analysis. 
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Contamination layers on AEM specimens can 
grow with time, even for clean AEMs (outgas- 
sing of storage capsules, dessicator back- 
streaming from mechanical vacuum pumps, etc.). 
The effects of such layers may be as subtle as 
making background fitting of low-loss EELS 
edges more difficult,** or as obvious as the 
reduced image clarity of Fig. 7(a) (due to a 
70nm-thick layer). A 5min ion wipe of the 
pearlitic steel foil (Fig. 7b) was sufficient 
to restore image quality (and capability of 
analyzing the overhanging carbides) by remov- 
ing most of this layer. 

The analytical techniques themselves can be 
adjusted to counter thickness effects. Figure 
8 illustrates the decrease in EEL plural scat- 
tering for 365nm-thick Si3N, for a smaller 
collection angle than normal (0.5 vs 5.6 mrad). 
The decrease is caused by the fact that A 
roughly doubles between the two angles,** sim- 
ilar to the effect of increased keV. Edge 
visibility (peak/background) is greatly im- 
proved, as seen for 280nm-thick BN (Fig. 8b). 

New AEM specimen preparation techniques 
certainly will evolve. Figure 9 (showing a 
"suspended" grain boundary and a boundary 
"spike" from the foil edge) shows one such 
method waiting to be elucidated. A common mi- 
croalloyed steel had produced a series of 
"normal" foils, i.e., tending toward preferen- 
tial polishing at precipitates or grain boun- 
daries, if at all. For no obvious reason one 
foil in the middle of the series showed the 
reverse behavior, clear grain interior pref- 
erential polishing! 
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FIG. 7.--(a) Electropolished foil of pearlitic steel obscured by 70 nm of C contamination (as 
measured by EELS).? (b) Improvement resulting from 5 min of ion wiping; C layer reduced to 25 nm 
in this region. 

FIG. 8.--(a) Low-loss regions of 120keV EEL spectra from 365nm-thick Si3sN, collected at 5.6 mrad 
(solid) and 0.5 mrad (dashed) showing reduction in plural scattering. (b) Stripped B-K edges 
for 280nm-thick BN, peak/background 0.07 (5.6 mrad); 0.37 (0.5 mrad). 

FIG. 9.--Examples of unusual (and irreproducible) preferential matrix dissolution during elec- 
troplishing of common microalloyed steel. 
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LOSS OF GRAIN-BOUNDARY SEGREGANT DURING ION MILLING 


Ba. 2s 


Bismuth segregates to grain boundaries in cop- 
per at intermediate temperatures (400-800 Cy 
Currently, xray microanalysis is being used to 
measure the degree of equilibrium segregation 
as a function of boundary character, As part 
of that study, transmission electron microscopy 
specimens were prepared by several techniques 
in order to select the method that produced op- 
timum specimens. Electropolishing produced 
specimens of marginal quality because of pref- 
erential grain-boundary attack. On the other 
hand, ion-milling produced good, thin specimens 
with little or no boundary attack. However, 
X-ray microanalysis on specimens ion-milled at 
room temperature indicated no bismuth segrega- 
tion, whereas analysis on electropolished spe- 
cimens indicated bismuth segregation. A loss 
of bismuth from the ion-milled specimens was 
proposed to result from the high vapor pressure 
of bismuth at slightly elevated temperatures. 
The use of a liquid-nitrogen cold stage during 
ion milling minimizes the loss of bismuth. It 
is likely that beam heating during ion milling 
is a contributing factor in this process and 
must be controlled. 


Experimental 


A copper-bismuth alloy was prepared by a 
method similar to that used by Michael and Wil- 
liams.? Bismuth was evaporated to 10.15 ym 
thickness on both sides of high-purity copper 
sheet of 0.25 mm thickness. The sheet was an- 
nealed in evacuated quartz capsules at 400 C 
for 16 days to homogenize the material. Scan- 
ning electron microscopy (SEM) was used to de- 
termine the redistribution of bismuth on the 
scale of the grain size, ¥30 um. Specimens for 
analytical electron microscopy (AEM) were ini- 
tially prepared by electropolishing. However, 


preferential etching occurred at the grain boun- 


daries, producing marginal specimens. On the 
other hand, ion milling with 6kV Ar* ions in a 
Gatan ion miller produced good, thin specimens 
with little or no boundary attack. Both stan- 
dard and liquid-nitrogen-cooled specimen stages 
were used for ion milling. 


The author is at the Metals and Ceramics 
Division, Oak Ridge National Laboratory, Box 
2008, Oak Ridge, TN 37831-6376. Research 
sponsored by the Division of Materials Sci- 
ences, U.S. Department of Energy, under con~ 
tract DE-ACO5-840R21400 with Martin Marietta 
Energy Systems, Inc. The author is very ap- 
preciative of the expertise and assistance of 
D. C. Joy in the SEM analysis of the bismuth. 
The useful discussion and review of this manu- 
script by M. K. Miller, J. M. Vitek, and J. 
Bentley are also acknowledged. 


Kenik 


A Philips EM400T-FEG microscope equipped 
with an EDAX 9100 analyzer provided high spa- 
tial resolution AEM capability. X-ray micro- 
analysis was performed in the scanning trans- 
mission electron microscopy mode with a 
v2nm-diam. probe on boundaries oriented paral 
lel to the electron beam. Since the Philips 
EM400T permits direct imaging of the probe, it 
was possible to avoid aberrated probes and also 
to measure the probe size and current density 
by scanning the magnified image of the probe 
over a 100um entrance aperture to a Gatan 607 
electron energy loss spectrometer. Care was 
taken to minimize the influence of such exper- 
imental conditions as hole count,? coherent 
bremsstrahlung radiation,*?” and electron chan- 
neling,°® which can have detrimental effects on 
quantitative analysis. A Gatan liquid-nitro- 
gen-cooled specimen holder was used to minimize 
contamination under the fine probe, with only a 
small increase in specimen drift rate. How- 
ever, the probe could be easily maintained on 
boundaries by adjustments made on the basis of 
monitoring the intensities of two reflections 
in the diffraction pattern, one from each 
grain. The composition of the excited volume 
was calculated from the measured Cu Ko and Bi 
La intensities with the standardless thin-foil 
approach developed by Zaluzec.° 


Results 


Scanning electron microscopy of the region 
vl um below but parallel to the original sur- 
face indicated a nearly continuous film of bis- 
muth 0.4 um thick at the grain boundaries 
(Fig. la). This film is obviously not equili- 
brium segregation, but the formation of a 
second phase, presumably from liquid bismuth 
attack of grain boundaries during the anneal. 
However, backscattered electron images from a 
transverse section of the sheet showed that 
the continuous film does not extend into the 
interior of the material, from which specimens 
for the AEM studies are prepared. Isolated 
precipitates of essentially pure bismuth were 
observed at grain boundary triple points 
throughout the thickness of the sheet (Fig. 
lb). Their presence indicates that bismuth 
has penetrated the entire thickness along the 
grain boundaries. 

Initial x-ray microanalysis performed on 
the specimens of marginal quality produced by 
electropolishing indicated bismuth segregation 
to high-angle grain boundaries and incoherent 
twin boundaries. No bismuth was detected by 
x-ray microanalysis of the matrix. No second 
phase was detected by either imaging or dif- 
fraction. Therefore, the bismuth enrichment 
at boundaries is associated with equilibrium 
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FIG. 1.--Scanning electron micrographs of Cu-Bi alloy. (a) Backscattered electron (BSE) image 
of region v1 um below coated surface prepared by mechanical grinding. Continuous film of bismuth 
v0.4 um thick revealed at grain boundaries. (b) BSE image of transverse section of sheet indi- 
cating isolated precipitates of bismuth at grain boundary triple points (arrowed) and absence of 
detectable continuous grain boundary film in bulk of specimens. 

FIG. 2.--X-ray microanalysis of high-angle grain boundaries in Cu-Bi alloy. (Cu Ko peaks are 

4x full scale.) (a) X-ray spectrum from boundary in specimens ion milled at nominally room tem- 
perature. No significant bismuth peaks present. (b) X-ray spectrum from boundary in specimen 
jon-milled at low temperature. Bismuth content of excited volume 2.8 at.% Bi. 

FIG. 3.--X-ray microanalysis of same high-angle grain boundary. (Cu Ka peaks are 4x full scale.) 
(a) X-ray spectrum of boundary in specimen prepared by low temperature ion milling. Apparent 
bismuth content of excited volume 1.9 at.% Bi. (b) X-ray spectrum from same boundary recorded 
after brief ion-milling under reduced conditions (300 s and 3 kV), at nominally room tempera~ 
ture. No bismuth segregation detected. 


segregation. On the other hand, no segregation Bi M or L peaks were detected from the matrix 
was indicated by similar analyses on boundaries or at grain boundaries in such specimens, At 
in ion-milled specimens nominally prepared at first, this inability to detect bismuth segre- 
room temperature (Fig. 2a). No significant‘ gation was attributed to the variability of 
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segregation with boundary character. However, 
after many boundaries were checked, without any 
indication of bismuth segregation, it was sus- 
pected that the bismuth was being lost from the 
boundaries during specimen preparation. To 
test this hypothesis, specimens were ion milled 
while at cryogenic temperatures. X-ray micro- 
analysis of these specimens indicated the pres- 
ence of bismuth at various high-angle grain and 
incoherent twin boundaries. A typical example 
is given in Fig. 2(b), where the excited volume 
contains 1.2.8 at.% Bi. Since the bismuth is 
concentrated at the grain boundary, the actual 
bismuth composition at the boundary is signifi- 
cantly higher. Simpson et al.’ have shwon that 
a false indication of boundary segregation can 
result from the preferential collection of one 
element at surface grooves associated with a 
boudnary. However, x-ray microanalysis of 
boundaries tilted away from the edge-on config- 
uration has shown that the segregation detected 
was associated with the boundary plane and not 
with the intersection of the boundary with the 
foil surfaces. The measured bismuth segrega- 
tion was genuine and not a specimen-preparation 
artifact. Therefore, the absence of detectable 
bismuth segregation in the specimens ion milled 
at nominally room temperature must be associ- 
ated with the loss of bismuth during specimen 
preparation. Bismuth has a relatively high va- 
por pressure and may simply be lost by evapora- 
tion. 

One other test of this proposed loss mecha- 
nism was performed, A long, straight high- 
angle grain boundary was selected in a specimen 
ion milled at low temperature. The bismuth 
level in the excited volume was v1.9 at.% Bi 
for this boundary (Fig. 3a). The same boundary 
was reexamined after a brief ion milling at 
nominally room temperature under reduced mill- 
ing conditions (300 s and 3 kV), which removed 
10.5 um of material. No bismuth segregation 
was detected (Fig. 3b). As the segregation is 
expected to be approximately constant along a 
given boundary, the proposed loss of bismuth 
from boundaries during nominal room temperature 
ion milling was confirmed. 

The question of beam heating during ion mill- 
ing is relevant to this problem. Beam heating 
of 100-150 C has been reported for specimens 
clamped during milling.*® However, it has been 
shown that specimen temperatures as high as 
1370 C can be realized for some specimens.” At 
370 C, elemental bismuth would be liquid and 
its vapor pressure would be 1107° Pa (1077 
Torr). That would be sufficient for bismuth to 
evaporate from the free surface. However, a 
large portion of the segregated bismuth has 
been lost from boundaries in regions 50 nm 
thick. Such loss indicates sufficient mobility 
of bismuth along boundaries to permit bismuth 
to diffuse to the free surfaces to be lost. 
Cooling during ion milling prevents bismuth 
loss in two ways; it reduces the rate of evapo- 
ration at the free surface and reduces diffu- 
sion of segregant to the free surface. 


Conelustons 


The loss of bismuth segregated at high- 
angle grain and incoherent twin boundaries 
during nominal room temperature ion milling 
has been demonstrated. The loss appears to be 
related to beam heating and the high vapor 
pressure of bismuth at slightly elevated ten- 
peratures. Such high vapor pressures are not 
uncommon for strong segregants in metallic 
systems (e.g., As, Cd, S, Sb, and Te). There- 
fore, care must be taken in specimen prepara- 
tion for AEM measurement of such segregation. 
Similar problems may occur in ceramic systems, 
where greater beam heating is possible. 
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THE EFFECT OF SPECIMEN THICKNESS AND ELECTRON PROBE CHARACTERISTICS ON THE X-RAY 
SPATIAL RESOLUTION IN THE ANALYTICAL ELECTRON MICROSCOPE 


J. R. Michael 


The x-ray spatial resolution that may be ob- 
tained in the analytical electron microscope 
(AEM) is a function of the specimen thickness 
and composition, and of the characteristics of 
the electron probe (size and current distribu- 
tion). Due to the importance of the x-ray spa- 
tial resolution in microanalysis, many studies 
have measured the spatial resolution obtained 
in the AEM for specimens of known thickness. 
However, in most cases the electron probes used 
have not been well characterized. Since the 
probe size has a direct effect on the x-ray 
spatial resolution, it is important to know the 
probe size and the current distribution within 
the probe. It is the purpose of this paper to 
describe the results of the systematic measure- 
ment of the spatial resolution obtained in an 
AEM equipped with a high-brightness field-emis- 
sion gun (FEG) electron source and a system to 
compensate automatically for specimen drift 
during microanalysis. The experimentally de- 
termined spatial resolution is compared with 
calculated values. Also, the effects of probe 
size and probe shape are demonstrated, 

There have been many studies of the x-ray 
spatial resolution that may be obtained in the 
AEM.*~*° These studies have compared the spa- 
tial resolution obtained in the AEM with the 
various theoretical calculations of beam broad- 
ening. Most of these studies have been carried 
out with transmission/scanning electron micro- 
scopes (TEM/STEM) in which the probe size and 
current distribution have not been well charac- 
terized, which leads to large uncertainties in 
the measurements. Also, in most of the TEM/ 
STEM instruments the electron probe size has 
been a large fraction of the measured spatial 
resolution, which makes interpretation of the 
experimental results difficult due to the need 
to deconvolute the effects of the initial probe 
size and the beam broadening. Within the past 
few years, there have been some studies that 
demonstrate high-spatial-resolution microanaly- 
sis in a range of materials.11~1* These re- 
sults have been obtained in AEM instruments 
equipped with FEG electron sources, which pro- 
duce small electron probes (<2 nm) that contain 
high currents (>0.1 nA). The high x-ray spa- 
tial resolution capability of AEM instruments 
equipped with FEG electron sources provides an 
excellent opportunity to measure the beam 
broadening that occurs in thin specimens, since 
the contribution of the initial probe size is 
smal] due to the small probe size. 

Various techniques have been used to measure 
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the x-ray spatial resolution obtained in the 
AEM. Some studies have performed point analy- 
ses across an interface where there is a dis- 
crete change in composition. Due to the beam 
broadening and the finite probe size, the dis- 
crete composition change is degraded into a 
more gradual change in composition. The spa- 
tial resolution is then taken as some fraction 
of the width of the broadened profile.?° This 
is the technique used in this study. 


Experimental 


The microanalyses were conducted in a Vacuum 
Generators HB-501 dedicated STEM equipped with 
a cold FEG electron source operated at 100 kV, 
and a gun lens. The microscope was equipped 
with a Link Analytical AN10/95 x-ray system 
and a Link LZ5 series E windowless x-ray detec- 
tor. The probe size used was either 1.8 nm 
full-width at tenth-maximum (FWTM) with 
0.8-1.0 nA, or 7.0 nm FWTM with 4.0 nA,?5>16 
The 7.0nm probe has been shown to be spherical- 
ly aberrated; thus, the probe consists of an 
intense central region which is surrounded by a 
low-intensity halo. In order to demonstrate 
the effects of aperture misalignment, an addi- 
tional profile was obtained with the beam-de- 
fining aperture misaligned, The composition 
profiles were obtained from specimens with 
abrupt concentration discontinuities. The 
chromium composition profiles from which the 
spatial resolution could be determined were ob- 
tained from 40wt%Ni-30wt%Cr-Fe specimens that 
had been held at 1000 C for 100 h. These spe- 
cimens consisted of two phases. The matrix 
phase (y) contained 25-29wt%Cr and the precipi- 
tate phase (a) contained 80-90wt%Cr. The pre- 
cipitates had long straight interfaces with the 
matrix, which were ideal for obtaining composi- 
tion profiles. Figure 1] is a micrograph of the 
interface region. 

The concentration profiles were obtained by 
stepping the electron probe across / inter- 
faces oriented parallel to the electron beam, a 
configuration achieved by minimizing the image 
width of the interface. The Link Analytical sys- 
system included a software package called Track- 
ing Analyzer, which simplified data acquisition 
by automatic compensation for specimen drift dur- 
ing microanalysis.*+’°+® The program was ini- 
tialized by defining the analysis positions on 
a digitally collected image of the region of 
interest. The image magnification was 
2 000 000x in all cases. The computer then 
controlled the microscope and started the anal- 
ysis of the defined positions. At intervals 
of 10 s, the x-ray acquisition was automati- 
cally suspended by the computer and an image 
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FIG, 1.--STEM bright-field micrograph of inter- 
face used for spatial-resolution determination. 


was collected. This new image was compared 
with the previous image to determine the 
amount and direction of specimen drift that 
had occurred. The probe was then repositioned 
to the desired analysis point and x-ray acqui- 
sition was resumed, Approximately 1 s was re- 
quired for each drift correction, This proce- 
dure was repeated for each stored analysis 
point. The x-ray spectra were collected for 
60 s of live time. The computer control al- 
lows the analysis points to be taken quite 
closely together with no operator interference. 
In this case, some points were taken as close 
together as 0.9 nm. 

The Fe, Ni, and Cr x-ray intensities ob- 
tained from the x-ray spectra were converted 
to compositions by use of experimentally de- 
termined k-factors. The specimen thicknesses 
were determined by convergent-beam electron 
diffraction (CBED) and through the electron en- 
ergy loss (EELS) log ratio technique.?” The 
log ratio technique and the CBED technique 
differed by a maximum of 10%. The specimen 
thicknesses were determined to be 55 + 5 nm, 

95 +5 nm, 112 + 5 nm, and 150 + 5 nm. 

In comparing the measured and calculated 
spatial resolutions, it is important to compare 
similar fractions of the total electron cur- 
rent. Usually 90% of the incident electrons is 
used to define the spatial resolution. This 
fraction may be determined from a composition 
profile obtained from a step change in composi- 
tion by measurement of the distance represented 
by 96% of the total composition change, Alter- 
natively, if Gaussian statistics in the broad- 
ened probe are assumed, the 50% resolution 
[otherwise known as the full-width at half- 
maximum (FWHM)] may be determined by the dis- 
tance represented by 76% of the composition 
change. One can obtain the 90% resolution 
(equivalent to the FWIM) by multiplying the 
FWHM by 1.8.7° This technique was used in this 
study, 
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Beam Broadening Caleulattons 


It is generally accepted that the spatial 
resolution R is made up of some combination of 
the incident probe size d and the broadening of 
the probe b as it traverses the specimen. One 
common definition of R involves the addition of 
b and d in quadrature’: 

1 
R = (b* + d?)? (1) 
If this calculation is used, it is important 
that both b and d include the same fraction of 
the incident electrons. It has been proposed 
that the full-width at tenth-maximum (FWTM) 
probe size be used since it includes 90% of the 
incident electrons, which is the same fraction 
of the incident electrons that many of the spa- 


tial resolution calculations include. The beam 
broadening (b) may be calculated as: 
b = 7,21 x 105(o/ay?/2 (z/E) t3/2 (2) 


where 9, A, and Z are the average density, 
atomic weight and atomic number of the speci- 
men, respectively; E is the accelerating volt- 
age in eV; and t is the specimen thickness in 
em.’ This equation is called the single-scat- 
tering model and calculates the diameter of a 
circle at the exit surface of the specimen that 
contains 90% of the incident electrons. Equa- 
tion (2) should only be used as a rough esti- 
mate of the spatial resolution, since it only 
describes the beam diameter at the exit surface 
of the specimen. This diameter will always be 
the maximum diameter of the electron probe and 
should overestimate the spatial resolution ob- 
served in practice. Although the single-scat- 
tering model is relatively simple to apply in 
practice, it is of limited use as anything more 
than a rough estimate of the spatial resolu- 
tion, Also, the single-scattering model 

(Eq. 2) is only applicable to homgeneous speci- 
mens, which are of little interest for x-ray 
microanalysis. 

To overcome the disadvantages of the single- 
scattering model, the Gaussian beam-broadening 
models were introduced.++**° These models as- 
sume that the current within the initial probe 
may be represented by a Gaussian distribution, 
and that this representation remains true as 
the electron probe traverses the specimen. 
(This assumption has yet to be proved experi- 
mentally.) The Gaussian current distribution 
within the probe may be easily convoluted with 


the composition profile that exist in the spe- 
cimen.*+>*° The current distribution within 
the electron probe at any depth in the foil may 
be described by: 

I 2 

I(r,t) = —-—— —- exp (—_ ) (3) 
w(202 + 6t3) 207 Ber 

where Ie is the total incident current, 9 is 
the standard deviation of the incident probe 
current distribution, and 8 is a parameter that 
describes the amount of broadening that occurs 
as the probe traverses the specimen. The 


TABLE 1.--Comparison of experimental and calculated spatial resolutions. 


Measured Calculated 
Specimen Profile Profile 
Thickness Width Width 
(nm) (nm) (nm) 
150. 12.0 £0.5 12.0 
F125 9.0 +0.5 9.0 
95. 6.6 +0.5 fe2 
55:6 5.2°20.5 4.1 


Modified 
¥(b? + d?) Single~Scattering 
(nm) (am) 
39.9 13.0 
25.9 8.4 
20.2 6.6 
964 2.9 
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FIG, 2.--Measured and calculated Cr composition profiles obtained with 1.8nm FWTM electron probe 
in a range of specimen thicknesses: (a) 55 nm, (b) 95 nm, (c) 112 nm, (d) 150 mn. 


broadening parameter 8 is given by*° 


B = 500(4Z/E)?(p/A) (4) 


The convolution of Eq. (3) with the composition 
profile assumed to exist in the specimen should 
accurately model the experimentally measured 


composition profile C'(x) obtained in the AEM. 
ne convolution is expressed mathematically by 
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t +y +x 
C(x) = f fs [1Cx,y,t)C(x) Jdxdydt (5) 
QO -y -x 


where I(x,y,t) is the intensity distribution 

within the probe (Eq. 3) and C(x) is the compo- 
sition profile that is assumed to exist in the 
specimen. The accurate modeling of experimen- 
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FIG. 3.--Measured and calculated Cr com- 
position profile obtained with 7.0nm 
FWTM spherically aberrated electron 
probe. 


tal data with this convolution depends on the 
use of a correctly limited probe to insure 
that the initial probe current distribution is 
Gaussian and the correct choice of composition 
profile.** Since Eq. (5) is difficult or im- 
possible to solve analytically, a computer 
program has been written that performs the in- 
tegration and solves for C'(x). This program 
was used to analyze the composition profiles 
measured in the analytical electron microscope 
assuming an atomically sharp step change in 
composition. 


Results and Discusston 


Effeet of Spectmen Thickness. The spatial 
resolution was determined in four areas, which 
varied in thickness from 55 to 150 nm. Figure 
2 shows the experimental composition profiles 
obtained in the HB-501 AEM, The error bars 
represent +3q@, The error bars are larger for 
the thinner specimens due to the lower x-ray 
count rates. Superimposed on each profile are 
the results of the Gaussian beam-broadening 
calculations (Eq. 5). In each case, the mea- 
sured and calculated profiles are in good 
agreement for all specimen thicknesses studied. 

Table 1 is a comparison of the experimental 
and calculated spatial resolutions. As expect- 
ed, the width of the profiles shown in Fig. 2 
increases as the specimen thickness is in- 
creased. The excellent agreement between the 
experimental results and the results of the 
Gaussian beam-broadening calculations verifies 
its applicability to thin foils of medium atom- 
ic weight. The spatial resolution calculated 
by the addition in quadrature of the beam 
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FIG. 4.--Cr composition profile obtained with asym- 
metric spherically aberrated electron probe. 


broadening, as calculated by the single scat- 
tering model with the beam size, is also shown 
in Table 1. It can be immediately seen that 
the spatial resolution calculated in this man- 
ner grossly overestimates the experimentally 
determined spatial resolution. This overesti- 
mate is a result of the single-scattering- 
model calculation of the diameter of the elec- 
tron beam at the exit surface of the specimen. 
The electron probe and thus the x-ray source 
size will always be smaller than the exit diam- 
eter of the electron beam. 

The lack of agreement between the single- 
scattering model and the measured spatial 
resolution does not mean that the single- 
scattering model is incorrect. As has been 
shown previously, the single-scattering model 
and the Gaussian beam-broadening parameter are 
nearly identical when expressed in similar 
form.*® Therefore, the excellent agreement be- 
tween the Gaussian beam-broadening calculation 
and the experimentally determined spatial reso- 
lutions indicates that the single-scattering 
model does accurately represent the diameter of 
a circle that contains 90% of the incident 
electrons at the exit surface of the specimen. 

The final column of Table 1 shows the re- 
sults of the spatial resolution calculated by 
the single-scattering model except that the 
coefficient of 7.21 x 10° in Eq. (2) has been 
replaced by 2.35 x 10°. This change results in 
good agreement between the calculated and mea- 
sured spatial resolutions of all data except 
those data obtained from the thinnest region. 
This agreement shows that the beam broadening 
does increase as t3/? as predicted by the 
single-scattering model. 
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Effeet of Probe Charactertstics. When too 
large a beam-defining aperture is used in a 
probe-forming system, the resulting electron 
probe consists of an intense central beam sur- 
rounded by a low-intensity halo that results 
from spherical aberration and deviates 
significantly from a Gaussian distribution.” 
If the 50um aperture used to obtain Fig. 2 is 
replaced by a 100um aperture, a spherically 
aberrated probe results. This probe is also 
larger than those formed with the smaller aper- 
ture, 7.0 nm vs 1.8 nm. Figure 3 shows a pro- 
file obtained from the HB-501 AEM by use of a 
beam-defining aperture that is too large (100 
um). Superimposed on the profile is the pro- 
file calculated from the Gaussian broadening 
approach with the appropriate probe size. The 
calculated profile is much narrower than the 
measured profile. This is a result of the as- 
sumption of a Gaussian current distribution in 
the electron probe. The effect of the spheri- 
cally aberrated tails on the electron probe may 
be observed in Fig. 3. The slope of the compo- 
sition profile seems to decrease more rapidly 
than it should away from the interface region. 

The alignment of the beam-defining aperture 
controls the symmetry of the electron probe. 

If the aperture is misaligned, the probe will 
be markedly asymmetric.** Figure 4 shows a 
profile obtained with a misaligned beam-defin- 
ing aperture of the same size as that used in 
Fig. 3. This profile was obtained from the 
same specimen region as that shown in Figs. 
2(c) and 3, The obvious distortion of the pro- 
file indicates the necessity of careful align- 
ment of the beam-defining aperture. The asym- 
metry of the electron probe results in compo- 
sition data that are difficult or impossible 
to interpret. 


1 


Conelustons 


1. The Gaussian beam-broadening model accu- 


rately describes the spatial resolution obtained 


in the AEM when the initial probe is properly 
limited by the beam-defining aperture. 

2. The single-scattering model grossly 
overestimates the spatial resolution observed 
in the AEM, most probably as a result of the 
single-scattering model's calculation of the 
beam diameter at the exit surface of the speci- 
men. Replacement of the coefficient of 7,2 x 
10° by 2.35 x 10° in the single-scattering 
model results in good agreement with the exper- 
mental data. 

3, Beam-defining apertures that are too 
large result in spherically aberrated probes 
that cause the measured composition profiles 
in the AEM to be wider than expected. 

4, The misalignment of the beam-defining 
aperture results in electron probes that are 
asymmetric, and this asymmetry is apparent in 
composition profiles obtained with these 
probes. 
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EFFECT OF FOIL THICKNESS ON QUANTIFICATION OF EDS SPECTRA 


deo ly 


X-ray energy-dispersive spectrometry (EDS) in 
the analytical electron microscope has proved 
to be a most successful technique because the 
use of thin foil samples results in two major 
improvements over the x-ray analysis of thick 
(bulk) samples in the electron probe microana- 
lyzer (EPMA). First, for the thin sample, the 
elastic scattering is reduced and so the lat- 
eral spatial resolution in the AEM is small 
(<v0.1 um) and is significantly better than in 
the EPMA (1 um). Second, the process of quan- 
tification of the EDS spectra is much simpler 
for thin foils than for bulk samples. There- 
fore, it is clear that the sample thickness is 
a critical facror in quantitative EDS in the 
AEM, If the foil thickness approaches the di- 
mension of a bulk sample (>~1 um), we Jose the 
advantages outlined above. However, if the 
sample is made too thin (<<20 nm), then surface 
effects such as oxidation contamination, pref- 
erential leaching, or redeposition of one ele- 
mental species could dominate the microanaly- 
sis, and the result will not be representative 
of the bulk. 

In this paper we are concerned only with the 
effect of foil thickness on the quantification 
of x-ray spectra. Because, at one extreme, a 
thick foil is equivalent to a bulk sample, we 
show how the thin-foil quantification procedure 
is a natural extension and simplification of 
the well-established procedure for x-ray analy- 
Sis in the EPMA. 

As in the approach outlined by Castaing’ 
(for bulk samples), when we analyze thin foils 
we keep the AEM instrumental settings (kV, beam 
current, specimen/x-ray spectrometer configura- 
tion) constant while the x-ray readings are 
taken. However, in AEM analyses a particular 
x-ray line from a specimen is not compared di- 
rectly with a reference standard of known com- 
position, as in the EPMA. The effects of atom- 
ic number Z, absorption A, and fluorescence F 
(that is, matrix corrections) on the x-ray 
spectra must also be considered, Because of 
the thin nature of the sample, a much simpler 
approach can usually be carried out in the AEM. 
Although corrections for the effects of Z, A, 
and F must still be considered, in many circum- 
stances the required correction is much smaller 
than that required for a bulk sample. As in- 
strumental developments such as high-brightness 
guns and computerized stage control become 
available, it will be possible to obtain x-ray 
data of better quality from the AEM. Therefore 
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it will be increasingly important to calculate 
the corrections more accurately. This paper 
discusses the most important factor in calcu- 
lating these corrections, namely the effect of 
foil thickness t. 


The Baste Equations for X-ray Generation 


In the x-ray analysis of element A ina 
bulk or thin specimen containing elements A, 
B, C, the intensity of the generated primary 
x-ray emission I,SPEC* from the specimen is 
given by the expression of Scott and Love?: 


oO 


DEEES ar faq (otdexp(-xet) dot (1) 


Ih es 


where p is the specimen density, ahot corre- 
sponds to the generated x-ray emisSion in 
counts per second from element A in an isolat- 
ed thin film of the specimen of mass thickness 
Apt, and da(pt) corresponds to the ratio of 
the x-ray emission from a layer of element A, 
of thickness Apt at a depth t in the specimen 
to the x-ray emission from element A in an 
isolated thin film, of thickness Apt. The 
x-ray emission ¢a(ot) is partially absorbed 
before leaving the specimen. The amount of 
absorption is calculated by the term 


exp(-xpet) (2) 


and y = u/o) prc csc a, where ¥/P)appc is the 
mass absorption coefficient for element A in 
the specimen and a is the x-ray take-off an- 
gle, defined as the angle between the sample 
surface and the axis of the x-ray detector. 
The total generated intensity, including any 
fluorescence contributions é,, is then 


SE EG® >. 3 
A A 


Aptse 


I » *aetiexp(-xet) det(l + 5,) (3) 


The intensity of the generated x-ray emis- 
sion A from an isolated thin film apot ina 
specimen of mass thickness Apt is 


Apt_ 
ors N (wt pQa/AyCn Agt (4) 


where N is Avogadro's number, Aq is the atomic 
weight of A, Qa is the ionization cross sec- 
tion, wa is the fluorescence yield for the 
characteristic K or L lines from element A, Ca 
is the weight fraction of element A in the 
specimen, and a, is the relative transition 
probability, i.e., the fraction of the total K 
or L line intensity from element A that is 
measured as Ka or La radiation. 

Equation (4) is applicable to electron- 
transparent thin films in which electrons lose 
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only a small fraction of their energy in the 
film (\S eV/nm). Qa is considered not to vary 
significantly with electron-beam energy over 
the small change in energy that results from 
passing through a thin foil and must be evalu- 
ated at Ey, the operating voltage of the AEM, 
Therefore one can obtain the generated x-ray 
emission intensity for element A in a thin foil 
sample by substituting Eq. (4) into Eq. (3) and 
limiting the integral in Eq. (3) to the foil 
thickness t: 


SPEC* Yi 
i = N (wpa, Qi /AQE hots o, (otjexp(-xet) 


* dot(1 + 54) (5) 


In bulk specimens, analyzed in the EPMA, the 
measured intensity of a particular characteris- 
tic x-ray line from the speicmen is compared 
with that from a reference standard of known 
composition, often a pure element. In thin- 
specimen analysis performed in the AEM, it is 
difficult to analyze a reference standard of 
known composition, for two reasons. First, the 
"ZAF" or the "matrix" corrections are not well 
developed for bulk sample standards at the high 
operating voltages (2100 keV) used in the AEM, 
Second, because of the specimen holder design 
and the limited volume of the stage region, it 
is difficult to insert a standard specimen 
(whether thick or thin) in the AEM and recreate 
exactly the same analysis conditions as for the 
unknown sample. The AEM illumination system is 
not designed to reproduce accurately on the 
standard sample, the same beam current used for 
the thin unknown specimen. 


The Cliff-Lorimer Ratto Technique for Thin-fotl 
Samples 


Cliff and Lorimer,*?* proposed that, if the 
x-ray intensities (I,,Ip) of two elements A and 
B in the same thin specimen can be measured 
simultaneously, the procedure for obtaining the 
concentrations of elements A and B can be 
greatly simplified. Simultaneous measurement 
of many x~ray lines is routine when using EDS, 
and the following simple approach has become 
the standard method for microanalysis of thin 
foils in the AEM. From Eq. (5) we can take the 
ratio of generated intensities I,/Ip, in the 
Specimen as: 


I SPEC* 
A 


ODL Ss 
ern 

t 
oo Wy AQy Ag e >, (et)exp(-xet) dot 
CR 34 pQp/AR J “4, (ot)exp(-xot) dot 
0 


1 + by 


‘Tes, (6) 


The isolated thin-film mass thickness Apt 
drops out in the ratio, so that measurement of 
Apt is not necessary. In this equation, the 
absorption calculation is carried out from the 
surface of the specimen, t = 0 to the full 
thickness t of the specimen. 

In Eq. (6) we can think of the terms 
WpAAQy/ Ay 

as the atomic-number correction Z, 

opapQp/Ap 


t 
s $, (otjexp(-xet) dt as the absorption 


Jo, (et)exp(-xot) dt correction A, and 


1 + 6 


~——z— as the fluorescence correction F. 

1 + 5, 

Both the A and F terms depend critically on 
the foil thickness, 

The measured intensity TRPEC from the EDS 
may, be different from the generated intensity 
ISPEC* because the x rays may be absorbed as 
they enter the EDS detector in the Be window, 
Au surface layer, and Si dead layer. We take 
account of these effects by incorporating a 
term « that describes the detector efficiency 
for x rays from elements A and B and thus we 
can relate the measured intensity TRPEC to the 
generated intensity I9PEC*, The ratio of gen- 
erated intensities in Eq. (6) may be rewritten 
in terms of the measured intensity ratio: 


I SPEC 2 
A A A 

gPEG. cee ee 7) 
I, B B 


(a) 


where « (for element A) is given by the expres- 
sion 


A A 
e =texp{-[u/o)p. Ppotpe + U/O) AP antan 


A 
+ UP osPgi te I]t 


- [1 - exp(-u/e)$;Pg3t' ga] (8) 


where u/p is the mass absorption coefficient 
of x rays from element A in various detector 
components comprising the Be window, the Au 
contact layer, the Si dead layer, and the Si 
active layer; p is the density and t the 
thickness of the same detector components; and 
t' is the thickness of the Si active layer. 

A similar expression can be written for ep. 

As in a bulk specimen the matrix correction 
or ZAF is a function of the specimen composi- 
tion, (Ca, Cp...). Since Cy + Cp +... = 1.0, 
the composition of each element in the speci- 
men can be calculated by an iterative proce- 
dure. This approach contrasts with the ZAF 
technique for bulk speciments, which does not 
assume that all the concentrations sum to 
unity. Therefore the thin specimen analysis 
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technique depends on the investigator including 
all elements present in the specimen in the 
calculation. This reliance on the investigator 
can lead to problems if certain x rays are too 
weak to be detected, or too energetic to be 
stopped by the detector. 

If the A and F corrections are negligible 
and approach unity, the measured intensity ra- 
tio of elements A and B in the specimen can be 
given as: 


C w a,Q,/A € ( 


we (Z) ‘ on 


B B 


eee 


Ex 
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In this equation, none of the terms w, a, Q, A, 
or e« are a function of composition. Therefore 


Pi. TB | ta 
CR Z Ey I, Wyd Quen /An I, 


(10) 


The term in the square brackets in Eq, (10) is 
a constant at a given operating voltage, and 

is referred to as the kag factor or Cliff-Lori- 
mer factor. Equation (10) is usually given in 
a simplified form as 


(11) 


This relationship was applied initially by 
Cliff and Lorimer”® and has gained great popu- 
larity because of its simplicity. Obviously, 
if A or F corrections must be applied, then the 
complete matrix correction technique in Eq. 
(7) must be used, 

Since atomic number and instrumental fac- 
tors are well understood, our objective here 
is to discuss more fully the absorption and 
fluorescence corrections, since many thin-foil 
specimens require the full matrix correction. 
Both these factors depend strongly on the ef- 
fect of foil thickness. With the increasing 
availability of 300-400kV AEMs, the ability to 
see through thicker foils will mean that ab- 
sorption and fluorescence effects may become 
more prevalent, if the analyst does not work 
in the thinnest regions, which are best for 
microanalysis. 


Effect of Fotl Thieckness-absorptton Correction 


The absorption correction involves evaluat- 
ing the expression 


t 
I 4, Cot)exp(-0/9) spre esc a (pt) dot (12) 


for all the elements present in the sample. 

It is therefore critical to know ¢a(pet) for 
the thin specimen under investigation. The 
measurement of é(pt) curves for bulk specimens 
is a well-established procedure in the EPMA.° 
In contrast, only two simplified measurements 
of ¢(et) have been made for thin specimens.’ ?° 
In the work of Stanton et 7 the tracer 


layer Apt was placed at the bottom of matrix 
foils of various thicknesses to measure ¢$(pt). 
This was a simplified technique, since it did 
not account for scattering in the foil below 
the tracer. In essence, what was measured was 
Ao(et)max» not the values of $(opt) vs t. In 
these measurements, normal incidence was used 
and foils were of intermediate atomic number. 
Tilted specimens and high-atomic-number speci- 
mens would allow for more multiple scattering, 
but were not considered by Stenton et al. 

The effects of tilted specimens and high- 
atomic-number specimens have been studied by 
Newbury et al., both experimentally and by 
Monte Carlo calculations. Figure 1 shows $(pt) 
curves for gold tilted at 45°. The beam energy 
was 100 keV and the foils were 50, 100, 150, 
200, 250 and 300 nm thick. In the thickest 
specimen ¢(ot) increases from 1.2 at the sur- 
face to a maximum of 1.5 within the specimen. 
For specimen thicknesses typically used in the 
AEM (£100 nm), ¢(pt) increases from %1.05 to 
1.20. The major points from this work are, 
first, that (pt) in thin films will vary with 
atomic number, film thickness, tilt, and beam 
energy; and second, that Monte Carlo techniques 
can be used to calculate quite reasonable ¢(pt) 
curves for these variables. 

Wirmark and Norden? have measured average 
day(et) values for Fe in an austenitic stain- 
less steel. They obtained the oay(opt) value by 
dividing the measured x-ray intensity by the 
sample thickness to at each point of analysis. 
The data indicated a linear increase in d,y(pt) 
with mass thickness, as might be expected, 
since the amount of elastic single scattering 
increases with mass thickness. The ¢ay(pt) Fe 
data were also consistent with calculated re- 
sults of a model for é(pt) derived by Jones 
and Loretto'® based on single-scattering 
theory. The model of Jones and Loretto gives 
the depth distribution of x rays $(ot) from a 
thin specimen normal to the electron beam as a 
function of atomic number Z, atomic weight A, 
specimen thickness to, specimen depth below the 
surface t, and beam energy Ey. The relation 
is: 


o(pt) = 1+ [2°/E" (A/o) ] (ato + bt) 


The relevant units are Eq (eV), A/o (cm>), and 
to and t (mm). For Si the constants are a = 
7000 and b = 16 000. The variation, if any, 
of a and b with atomic number is unknown. 
The variation of $(0) and ¢$(pt)ma, can be 
calculated from Eq. (13). ‘These terms repre- 
sent the values of $(pt) at the surface and at 
the bottom of the foil, respectively. Table 1 
shows the values of $(0) and $(ot),,,, for Si, 
Ni, and Au at 100 keV and various values of 
tmax: The calculated values of ¢(pt) agree 
quite well with the Monte Carlo calculations 
for Ni samples with thicknesses of 100 and 350 
nm?+ and for Au samples 50 and 100 nm thick.° 
Within the range of typical specimen thick- 
nesses used for x-ray analysis in the AEM at 
100 kV, $(pt) varies no more than 5% relative 
throughout the film and $(O) is no greater than 


503 


Gold 
100 keV 
45° tilt 


(pz) 


150 200 250 300 


t (nm) 


0 50 


FIG. 1.--¢(pt) curves for gold foils tilted at 
45°, Accelerating voltage, 100 keV; foil 
thickness, 50, 100, 150, 200, 250, and 300 nm 
thick.® 


TABLE 1,.--X-ray distribution function at 100 
keV vs atomic number and specimen thickness. 
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*Typical specimen thickness at 100 kV. 


1.03, At the current state of the development 
of x-ray analysis in the AEM one can then as-~- 

sume that x-ray production is essentially uni- 
form throughout the film, and that 


= =]. 14 
o,(ot) = dp(et) = 1.0 (14) 
This assumption was made in the initial ap- 
proach to the absorption correction by Goldstein 
et al.,?* in which the integrals in Eq. (6) were 
evaluated to give the absorption correction fac-~ 

tor A: 


wl>gpeg 1 ~ exPl-wo) spac ese 4) (ot) ] 


= Sa ee ae ae ee ise pet OP ae et ae 
1 - exp[-u/p) (cse a) (pt)] 
Wr SPEC (15) 


To calculate the absorption correction factor, 
the values of the mass absorption coefficient 

u/o the specimen density p, and the absorption 
path length t(csc a) must be accurately known. 
Figure 2 shows the geometry of the specimen, 


B 
u/P spec 


ELECTRON BEAM 
e, &, 


X-RAYS TO 
EDS DETECTOR 


t FOIL THICKNESS 


ABSORPTION DISTANCE 
d=COSEC a -¢ 


F1G, 2.--Idealized thin-foil geometry in the 
AEM showing definition of take-off angle a and 
absorption path length csc art.° 


electron-beam, and EDS detector configuration 
that must be considered in order to determine 
the absorption path length. 

The absorption correction is usually not 
applied if A is between 0.97 and 1.03 (a cor- 
rection <+3% rel.) since some combination of 
the Z factor, ea/eg, and the counting statistics 
usually result inerrors of <+3% rel. However, 
the specimen thickness at which the A correction 
must be applied (according tothe above 3% cri- 
terion) is often much smaller than the specimen 
thickness obtained as a result of the prepara- 
tion process. A few examples of calculated thick 
ness for whichtheA corrections must be made (A 
< 0.97 or > 1,03) are 9nm for Al Ko in NiAl, 22nm 
for P Kain FeszP, and 25nm forMg Ka, O Kain MgO. 
These thicknesses are not often achieved dur- 
ing the specimen preparation process. Also, as 
already noted, such thin samples may exhibit 
substantial surface chemical modification and 
may not be representative of the bulk. As the 
trend to higher voltage AEMs continues, it will 
be possible to ''see"™ through thicker samples 
and perform analyses from thicker areas, Under 
these circumstances, the “typical thicknesses 
in Table 1 will increase by factors of 2-3 and 
the need for absorption corrections will in- 
crease. However, it is also possible that the 
increased source brightness at 300-400kV and 
the availability of higher-brightness sources 
will permit reasonable x-ray emission intensity 
to be obtained from thinner samples than can be 
analyzed presently at 100 kV. In that case 
there will be less need for absorption correc- 
tions. 

The various factors that limit the accuracy 
of the Absorption correction, mass absorption 
coefficient, specimen density, absorption path 
length, and specimen geometry have been dis- 
cussed by various authors®??* and are not 
given in this paper. By far the most diffi- 
cult parameter to measure is the specimen 
thickness t, which can vary substantially ina 
wedge-shaped thin foil. Among the methods used 
to obtain t are contamination-spot separa- 
tion,** the spacing of Kossel1l-Méllenstedt 
fringes in convergent-beam electron diffraction 
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FIG, 3,--Data from Horita et al.,+? showing in- 


tensity ratios from three different Ni-base al- 
loys vs sample thickness. Thickness was mea- 
sured in terms of Ni Ka intensity. By extrapo- 
lating to zero Ni intensity, true kap factor 
can be obtained. True kap factor is noted 
above each set of data. (Courtesy North-Hol- 
land Physics Publishing.) 


(CBED) patterns,*® the K to L intensity ratio 
as a function of t for a given element,?® the 
EDS spectrum variation caused by using differ- 
ent tilt angles at the same analysis point,*® 
the EELS log-ratio technique ,?” and the stan- 
dard technique. 

The popular contamination-spot-separation 
method unfortunately tends to overestimate the 
thickness’ and may not be available as sample 
preparation techniques are better controlled 
and vacuums are improved in the specimen area. 
The CBED technique is accurate but the required 
diffraction conditions may not be obtainable at 
precisely the region of interest. The method 
involving the K/L ratio is only suitable if 
both peaks are visible in the x-ray spectrum. 
Each of the other methods has its own limiting 
factors. 

The standards technique however has clear 
promise. A thin foil or region of thin foil of 
known thickness (usually determined by CBED 
techniques) and of known composition is used to 
calibrate x-ray intensity in terms of thick- 
ness. In this case one usually measures the 
intensity of the EDS x-ray spectrum is a direct 
function of thickness until absorption effects 
become significant. One can therefore use a 
linear calibration of EDS x-ray intensity vs 
thickness as calibrated by the standard speci- 
men. A standard that is most useful is a spe- 
cimen of composition similar to that of the 
specimen of interest. This technique should be 
quite useful, as it does not rely on the direct 
measurement of thickness at each analysis point. 
However, the technique requires that as mea- 
surements of sample and standard are made, the 
beam current remains constant, which is diffi- 
cult to achieve in an AEM. As x-ray analysis 
in the AEM evolves, we expect (1) that feed- 
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back mechanisms and (2) that on-line probe- 
current measurements will be available from a 
Faraday cup in the column below the final 
probe-limiting aperture. 

As CBED techniques become more popular, and 
computer control of the stage combined with 
digital imaging becomes available, the possi- 
bility of on-line CBED analysis will become a 
reality. Under those circumstances, this ap- 
proach will become the accepted on-line method 
to determine the thickness of crystalline sam- 
ples. 

Figure 3 shows the results of a technique 
related to the standards method of thickness 
determination by which the absorption correc- 
tion can be eliminated.?°"?° Inthis simp lifi- 
cation of the x-ray absorption correction, the 
ratios of I,/Ip, Ip/Ic, etc. ina homogeneous 
phase are plotted vs x-ray intensity from one of 
the elements (e.g., I, or Ip or...) that isnot 
absorbed significantly as the specimen in- 
creases in thickness, Extrapolation of the 
nonabsorbed x-ray intensity to zero provides a 
ratio (Ia/Ip, Ip/Ic, etc.) for which the ab- 
sorption factor A is 1.0 and therefore I,/Ip, 
Tp/Tc¢ equals KapCa/Cp, kpcCp/Cc, etc. This 
technique holds great promise. However, it 
cannot be used in some of the more important 
analyses, where Cy, Cp... and the thickness 
vary throughout a phase or region of the sam- 
ple. 

The assumption that the specimen is a par- 
allel-sided thin film (Fig. 2) is rarely if 
ever realized in practical x-ray microanalysis 
because of the ways in which materials speci- 
mens are thinned. Electropolishing and ion- 
beam thinning both give rise to wedge-shaped 
specimens, which complicates the analysis con- 
siderably. In addition, for multiphase speci- 
mens, one must orient the interphase interface 
parallel to the electron beam and parallel to 
the EDS detector axis is absorption effects 
are to be minimized. Specimen geometry ef- 
fects as outlined above have been described in 
detail by other authors*!»2? and are not dis- 
cussed here. 


Effeet of Fotl Thtekness-Fluorescence 
Correctton 


X rays produced by electron ionization 
within the specimen may themselves be suffi- 
ciently energetic to excite and ionize other 
atoms. This effect, known as x-ray fluores- 
cence, is intimately associated with the ab- 
sorption process, because the primary cause of 
x-ray absorption is the fluorescence of an- 
other x ray. 

Equations for the fluorescence factor S, 
have been developed by Philibert and Tixier?3 
and Nockolds et al.** The Nockolds et al. 
equation for 6, considers the effect of x-ray 
generation throughout the foil and is consid- 
ered more accurate than the equation for 6, of 
Philibert and Tixier, who assumed that all 
xX rays originated from the middle of the foil 
on the beam axis, The equation for 8, by 
Nockolds et al.,** shows that: 


6, = $*f0.932-1n u/0) gpec ®t] (16) 
As in the absorption correction, the calcula- 
tion of 6, depends on the accurate measurement 
of the foil thickness t. Fortunately the few 
measurements of Sq, dp in the literature indi- 
cate that the F correction is small and not 
often needed. 


Summary 


The full quantitative analysis procedure for 
thin foils is givenby Eq. (7), in which the ZAF 
correction and Ea/ep must be calculated or mea- 
sured. We can usually ignore the F correction; 
the critical factor in applying the A corretion 
is the need either to measure the foil thick- 
ness t, or eliminate the A correction by ex- 
trapolation methods of the type suggested by 
Horita et al.,+°~*° The standards technique in 
which the EDS x-ray spectrum intensity is cali- 
brated against standard-thickness specimens 
holds great promise. This technique may only 
measure t to an accuracy of +5% relative, and 
other prospective methods for t determination 
are no better. However, the practical effect 
in terms of errors in the calculated absorption 
correction A is less than +1% relative unless 
the sample is unusually thick or the mass ab- 
sorption coefficient exceeds 1000 cm?/g. Mea- 
surement errors in I,, Ip at the 95% confi- 
dence level usually exceed #2%. Therefore one 
can tolerate the inaccuracy in measured speci- 
men thickness at each point in the analysis and 
still perform a perfectly acceptable, fully 
quantitative analysis. The major caveat in 
suggesting that one can apply the standards 
technique for specimen thickness, on line, is 
that the electron-beam current must be mea- 
sured and held constant as specimen and stan- 
dard thickness specimens are analyzed. Modern 
AEM instruments must be designed with this fea- 
ture in mind, 
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THE HOLE-COUNT TEST REVISITED: EFFECTS OF TEST SPECIMEN THICKNESS 


C. E. Lyman, D. W. Ackland, D. B. Williams, and J. I. Goldstein 


For historical reasons the hole count, an im- 
portant performance test for the analytical 
electron microscope (AEM), is somewhat arbi- 
trary yielding different numbers for different 
investigators. This was not a problem a decade 
ago when AEM specimens were often bathed with 
large fluxes of stray electrons and hard 

x rays.’ At that time the presence or absence 
of a thick Pt second condenser (C2) aperture 
could be detected by a simple comparison of the 
x-ray spectrum taken "somewhere in the hole" 
with a spectrum collected on a "typical thick- 
ness" of Mo or Ag foil.”~* A high hole count 
of about 10-20% indicated that the electron 
column needed modifications; whereas a hole 
count of 1-2% was accepted for most AEM work. 
Because quantitative x-ray measurements in the 
AEM are more precise than 10 years ago, ''good" 
values for the hole count on Ag foils are now 
well below 1%, The absolute level of the hole 
count is a function of test specimen atomic num- 
ber, overall specimen shape, and thin-foil 
thickness. In order that equivalent results 
may be obtained for any AEM in any laboratory 
in the world, this test must become standard- 
ized, 

The hole-count test we seek must be as simple 
and as nonsubjective as the graphite 0.344nm 
lattice-line-resolution test.° This lattice- 
resolution test spurred manufacturers to im- 
prove the image resolution of the TEM signifi- 
cantly in the 1970s and led to the even more 
stringent resolution tests of today. A similar 
phenomenon for AEM instruments would be welcome. 

The hole-count test can also indicate whether 
the spurious x-ray signal is generatedby high- 
energy continuum x rays (bremsstrahlung) gener- 
ated in the electron column (high K-line to L- 
line ratio) or uncollimated electrons passing 
through or around the C2 aperture (low K/L ra- 
tio).'~® This diagnostic aspect of the hole- 
count test is useful for the detection and 
elimination of the sources of hard x rays in in- 
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termediate-voltage (300-400kV) analytical elec- 
tron microscopes. 

This paper discusses the essential parame- 
ters for a standardized test of spurious x rays 
and proposed a candidate test specimen. This 
new test specimen reduces the experimental var- 
iation in the hole-count test caused by speci- 
men thickness effects. 


Standardizing the Hole~count Test 


The spurious x rays detected in the hole- 
count test are caused by hard x rays and/or 
uncollimated electrons generating x-ray photons 
from regions of the specimen not directly under 
the electron beam. The most likely material 
generating these spurious x rays is the thick 
rim of the conventional electropolished or ion- 
milled specimen. To make a precise test for 
this high-energy bremsstrahlung (if present), 
the test specimen must generate large numbers 
of spurious characteristic photons from the 
thick specimen rim when the beam is placed in 
the hole. This spurious characteristic x-ray 
intensity depends on (a) electron optical 
parameters such as probe current, (b) atomic 
number of the test specimen, (c) specimen rim 
thickness, and (d) the shape profile of the 
thinned area including the size of the hole. 
Since it is difficult to measure the absolute 
intensity of x rays detected when the beam is 
placed in the hole, the hole count is usually 
expressed as a percentage of the x rays gener- 


Bremsstrahlung 
from upper column 
Detector 


ab ¢ 


nm | 


FIG. 1.--Schematic cross-sectional diagram of 
typical disk-shaped Mo hole-count specimen. 
Specimen rim provides greatest volume of ma~ 
terial for production of spurious x rays by 
bremsstrahlung from upper column. Mo K-line 
x-ray intensity collected when beam is in the 
hole (electron a) is normaily ratioed to that 
from some "typical thickness" of foil. Tests 
on Mo specimen of this type showed that hole 
count can be several times larger if x rays 
generated by electron b are used in this ratio 
rather than those generated by electron c. 
(Not drawn to scale.) 
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ated when the beam is placed on the foil itself 
itself at a "typical specimen thickness." It 
is this specimen thickness that makes the test 
arbitrary since this "typical" thickness may 
vary with each specimen and with each investi- 
gator. Thus, the most important variables that 
must be specified are the thickness of the 
specimen rim and the specimen thickness used 
for the "on foil" measurement, as shown in Fig. 
1. 


Electron Optteal Parameters 


The reappearance of the hole count as an is- 
sue in AEM performance is a consequence of the 
higher electron accelerating voltages of modern 
AEMs. Since 300-400kV electrons can generate 
considerably more high-energy bremsstrahlung 
(typically 20-200 keV) at the C2 aperture than 
100kV electrons, the electron column modifica- 
tions necessary to produce an adequately low 
hole count may prove to be more difficult than 
those employed at 100 kV. At 300-400 kV, hole 
counts that might appear adequate for AEM anal- 
ysis of Fe-based samples may indicate serious 
problems for the analysis of Pt/A1,0,; catalyst 
specimens because high-energy bremsstrahlung 
excites Pt much more efficiently than Fe. 

A major electron-optical parameter to be 
controlled at any accelerating voltage is the 
beam current. The hole-count test should be 
conducted with the same emission current and 
the same electron probe current each time. One 
may achieve this by measuring the current be- 
fore each test with a Faraday cup and a picoam- 
meter. Since many microscopes are not yet 
equipped with these devices, a secondary mea- 
surement such as screen current may be used if 
properly calibrated by the microscope manufac- 
turer. Although the absolute level of probe 
current is not very important, this variable 
must be held constant for comparable tests. 

Another important electron-beam parameter is 
the setting of the first condenser lens. Since 
the probe will be placed well into the hole, 
the actual spot size is not important. How- 
ever, the first condenser lens also governs the 
extent to which the beam impinges on the second 
condenser aperture and the liner tube in the 
upper column. Thus, the real reason that the 
probe current must be brought to a standard 
level is to put this lens in a standard condi- 
tion for the hole-count test. 

The hole-count test also assumes that the 
electron beam is optimally apertured to mini- 
mize spherical aberration blurring which causes 
a broad electron halo around the focused elec- 
tron probe. This "witches hat" electron dis- 
tribution results from the use of a C2 aperture 
that is too large to define the electron probe 
properly for the chosen setting of the Cl lens. 
One effect of this electron tail is the genera- 
tion of x rays at a distance of several beam 
diameters away from the nominal position of the 
beam. Unfortunately, most AEMs have only 3 or 
4 positions for C2 apertures, allowing minimal 
tails at only 3 or 4 Cl settings. In addition, 
it may not be obvious which C2 aperture to use 
for the hole-count test since the aperture size 
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strongly affects the probe current. Thus, 
Since the test should be arranged to generate 
large numbers of spurious x rays, it is more 
important to obtain a certain minimum probe 
current, say at least 0.1 nA, and accept what- 
ever probe size corresponds to this current. 

A more stringent test of AEM performance is 
obtained when the hole-count test is performed 
near the edge of the hole, say 10 nm into the 
hole and 10 nm onto the foil. In this case 
the probe tails, if present, may be sensed.® 
Correct aperturing at the C2 lens is impera- 
tive for adequate performance in this test. 


Test Specimen Material 


The intensity of a characteristic x-ray 
line excited by electrons is given by Ix = 
i(V - Vx)**®’, where i is the electron beam 
current, V is the electron accelerating volt- 
age, and VK is the excitation potential for 
the element of the test specimen. However, in 
most situations encountered with 300-400kV mi- 
croscopes, the spurious x rays are generated 
by high-energy bremsstrahlung. For these 
cases, the intensity of the spurious charac- 
teristic x rays follows the mass absorption 
material. The expression to predict the vari- 
ation of (y/o) between absorption edges is 
(u/o) = Z*\?, where Z is the atomic number of 
the absorber (in this case, the test specimen) 
and X is the wavelength of the radiation ex- 
citing the absorber. For example, under the 
same test conditions in a Philips EM400T at 
120 kV, Ni (Z = 28), Mo (42), and Ag (47), thin- 
foil specimens exhibited K-line hole counts of 
3%, 6%, and 9%, respectively. Thus, the test 
specimen should be made of high-Z material for 
the generation of a high intensity of spurious 
characteristic photons at any fluorescing 
bremsstrahlung wavelength if the bremsstrahlung 
intensity is significant. This insures that if 
spurious x rays are generated, the test speci- 
men will allow their detection. 

If both a K and an L line from the speci- 
men are to be detected with a Si(Li) EDS de- 
tector, the energies of both lines should be 
within the high-efficiency range for this type 
of detector: about 2-20 keV. Molybdenum with 
an L-series at 2.3 keV and a Ko line at 17.4 
keV is an obvious choice. Mo has the addition- 
al advantage that most EDS systems are usually 
set to the energy range 0-20 keV for normal 
analysis. One important use of intrinsic Ge 
detectors in the AEM’ may be to determine 
whether the specimen stage is free of 20-200 
keV bremsstrahlung that will fluoresce heavy 
elements in an analysis sample. These high- 
energy x rays would not be detected with a 
Si(Li) detector. Considering the desirability 
of a single test specimen for both Si(Li) and 
Ge detectors, the original proposal of silver 
as a hole-count test specimen still appears 
attractive,’ even though the x-ray spectrometer 
must be operated over the energy range 0-40 
keV, which is not normally used for analysis 
with Si(Li) detectors (Ag La at 3.0 keV and 
Ag Ka at 22 keV). Intrinsic Ge detectors, with 
their wider range of efficiency (roughly 2-100 
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keV), make even higher-atomic-elements suitable 
as test specimens, such as gold Mo at 2.1 keV; 
La at 9.7 keV; and Koa, at 68.7 keV). 


Test Speeimen Shape 


The shape of the test specimen has a signif~ 
icant effect on the efficiency of spurious x-ray 
generation and is probably responsible for much 
of the lab-to-lab variation in hole counts. 
Ideally, the test specimen should have as thick 
a rim as possible. A thick rim maximized the 
amount of spurious x rays generated by the high- 
energy continuum. For Mo specimens with rim 
thicknesses of 80 and 120 um, comparable hole 
counts were found to be 2.6% and 5.9%, respec- 
tively (Philips EM400T at 120 kV). Thus, the 
100um-thick rim typical of an electropolished 
foil specimen would be more useful than the 
somewhat thinner rims usually employed for ion- 
beam-milled specimens in order to reduce mill- 
ing time. 

A specimen of well-controlled shape can be 
fashioned with standard techniques by cutting 
disks from 100um-thick Mo sheet, dimple grind- 
ing (15mm wheel) each side to a few micrometers 
total thickness, and finally ion-beam milling. 
But the time and effort to make such specimens 
and their fragility militate against their wide- 
spread acceptance as a standard test specimen. 

Even with such a carefully fabricated speci- 
men, the "typical" thin-foil area used to ob- 
tain the denominator in the hole-count ratio 
usually exhibits a range of thicknesses from 
50 to 500 nm, depending on the material. With 
the old hole-count tests, counts on the speci- 
men were collected until 10 000 counts were ob- 
tained in the "typical" foil thickness. If the 
on-foil x-ray count is taken in a thick region 
of foil, the hole-count ratio will be lower 
than if it is taken on a thin region. Some 
method (such as direct thickness measurement or 
detection of the onset of Kikuchi lines) must 
be used to indicate a repeatable foil thickness 
for this test. The alternative to this cumber- 
some procedure is to use a specimen with a thin 
foil of constant thickness, as discussed below. 


Speetmen Envtronment 


Components of the microscope surrounding the 
specimen also can generate spurious x rays. 
Many AEMs based on the TEM column have cold fin- 
gers and' objective aperture mechanisms located 
within a few millimeters of the specimen which 
may contribute to the overall extraneous back- 
ground. Different lens designs also result in 
different amounts of metal around the specimen. 
For example, hole counts measured on the same 
specimen in a symmetrical condenser-objective 
lens (Philips EM400T) and in an unsymmetrical 
top entry lens on an inverted column (Vacuum 
Generators HB-501) were 5.9% and 0.25%, respec- 
tively. The low hole count in the VG HB-501 may 
result partly from the use of a wide second bore 
for the objective lens (less metal near the 
specimen ). 


X-ray Counting Problems 


The detection of low x-ray fluxes when the 
beam is placed in the hole can be difficult 
with some x-ray spectrometers. For example, 
if very few x rays are detected when the beam 
is in the hole, the spectrometer should faith- 
fully record the exact number of photons enter- 
ing the detector. In some situations, the 
setting of the fast discriminator or other 
deadtime circuit parameters can affect the num- 
ber of x rays apparently detected when the 
count rate is very low. A standard specimen 
with the potential for generating large inten- 
sities of spurious x rays whould relieve this 
problem, 


K- toL-line Rattos from In-hole Spectra 


If the K- toL-line intensity ratio from the 
hole is larger than that obtained when the 
beam is placed on the specimen, the spurious 
x rays may be assumed to be generated by high- 
energy bremsstrahlung. Obviously, it is this 
component of spurious radiation that is of most 
concern for 300-400kV instruments. Figure 2 
shows an example of this type of analysis for 
120 and 300 kV. The 120kV data of AEM #1 show 
that the K/L ratio in the holé and on the 
specimen are essentially identical, as might be 
expected for an electron-generated hole count. 
The 300kV data show a K/L ratio about 20 times 
higher for AEM #2 and 4 times higher data for 
AEM #3. These data indicate that the design 
of the electron column should be improved at 
300 kV to reduce this excessive level of high- 
energy bremsstrahlung impinging on the specimen. 

10 


. \ 


AEM #3 (300 kV) AEM #2 (300 kV) 


AEM #1 (120 kV) 


Ratio of Mo K-line to L-line 


0 2 4 6 8 10 


Hole Count on Mo Thin Foil (%) 
FIG, 2.--Molybdenum K-line to L-line integrated 
intensity ratios from "in-hole" spectra (solid 
symbols) and “on-specimen" spectra (open sym- 
bols) vs hole count for three AEMs. Higher 
hole counts for AEM #1 (triangles) and AEM #2 
(squares) represent measurements made on thin- 
ner regions of foil. 


Proposed Test Spectmen for Spurious X Rays 


Since the main goal of this test specimen is 
to generate large numbers of spurious photons 
(when a bremsstrahlung source is present), 
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there is no reason to employ a specimen of con- 
ventional shape. A new hole-count test speci- 
men might consist of an Ag support grid covered 
with a uniform thickness of Cr sputtered onto a 
thin film of carbon (Fig. 3). Holes in the Cr 
film or open-grid squares not covered by Cr may 
be used to collect the "in-hole" count, and the 
constant-thickness Cr layer allows a consistent 
"on-specimen" x-ray intensity measurement. 

Preliminary data from a Cr film of unknown 
thickness on a 400-mesh Ag grid are encouraging. 
With this specimen in a low-background holder 
of the Philips EM 430T (200 kV, STEM mode, spot 
size 3, 0.5 nA probe current, 100s clocktime, 
10 000 counts in Cr Ka) the ratio (converted to 
%) of the Ag Ka line (FWHM) collected in the 
hole to the Cr Ka line (FWHM) collected on the 
Cr film ranged from 1.9% to 2.4% and averaged 
2.1%. These seven trials included data from 
three different Cr-covered grid squares and 
three different open-grid squares. This 24% 
variation in hole count should be compared with 
the 100-300% variation in hole count measured 
when the test was performed with different foil 
thicknesses in a Mo disk-shaped specimen. The 
conditions quoted above must not be considered 
a standard procedure for the new hole-count 
test. The hole count values measured above 
with the new test specimen cannot be related to 
traditional hole count values at the present 
time. Standard test conditions and acceptable 
hole count values with this test will emerge in 
the near future. 

The major advantage of this type of specimen 
is the consistency with which the test can be 
performed. Since all the thin Cr areas have 
the same thickness, there should be no signifi- 
cant variability in the test between different 
operators. This type of specimen should be easy 
to fabricate in large numbers at reasonablé 
cost. 


Ag grid bar Cr film Carbon film Hole 


FIG. 3.--Schematic diagram of proposed hole- 
count test specimen consisting of silver grid 
supporting thin film of chromium on carbon. 


This test specimen has additional advantages 
in that, once the hole count is determined to 
be acceptably low, other standardized tests may 
also be performed on the same specimen. These 
include tests of Cr peak-to-background,?° esti- 
mated minimum detectability of Cr,+? and com- 
parative x-ray detector collection efficiency.+* 
Spurtous X Rays tn Relation to Experimental 
Analysis Data 


The above Ag/Cr spurious x-ray test, like 
the older hole-count test, gives an important 
figure of merit for an AEM. Of course, the 


values to be quoted as acceptable for this "Ag/ 
Cr spurious x-ray test" wili be different from 


those quoted in the old hole-count test. The 
desired value will again be 0%. Acceptable 
values for quantitative analysis will depend 
on the type of sample analyzed. The criterion 
to be used is whether the characteristic peak 
‘of interest, detected when the beam is placed 
‘in the hole, is well below the electron-gener- 
ated background from the analysis area under 
the beam. This “hole count from the analysis 
specimen" is a small spectrum related to the 
average composition of the entire specimen 
which is added to each individual spectrum 
taken in regions localized by the focused 
electron beam. Subtraction of this unwanted 
signal from the analysis peak is often sug- 
gested. However, progress toward use of the 
AEM as an "electron nanoprobe" for thin speci- 
mens, with precision and accuracy approaching 
that of the "electron microprobe,'' demands 
that all extraneous sources of x rays be elim- 
inated at their sources. 


Conetuston 


A hole-count test specimen consisting of a 
thin film of chromium over a silver support 
grid has been shown to have significantly bet- 
ter repeatability than previous specimens used 
for this test. Whereas the old test was prone 
to variations both in rim thickness and in the 
foil thickness selected for the "on-specimen" 
spectrum, the thicknesses of the Ag grid and 
the Cr film in this new specimen are nearly 
constant--eliminating these sources of error. 
When a standardized test specimen of this type 
is available in reasonable quantity, further 
progress can be made toward the reduction of 
spurious x-ray background in the AEM. 
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QUANTITATIVE THIN FILM X-RAY MICROANALYSIS OF Nb MODIFIED Ti,A] 


A. D. Romig Jr., T. J. Headley, M. J. Carr, and M. J. Cieslak 


Advanced titanium-aluminum intermetallic alloys 
(often simply called titanium aluminides) have 
certain properties that make them potentially 
attractive as advanced aerospace alloys. In 
order to utilize these alloys in engineering 
applications, it is necessary to process the al- 
loys in a variety of ways including casting, 

hot forming, and welding. All these processes 
modify the microstructure of the alloy, which 

in turn directly influences the properties. 

The key to optimizing the alloy's properties 

is to control the microstructure by careful 
control of the processing parameters. Control 
of the microstructure requires a thorough under- 
standing of the evolution of the microstructure, 
including elemental partitioning between the 
various phases that form in the alloy. Analyti- 
cal electron microscopy (AEM) is an ideal way 
to characterize the microstructures on a fine 
spatial scale. Such high-spatial-resolution 
microanalysis is required to understand the mi- 
crostructural evolution in these alloys. In 
this case, the alloy is an Nb-modified TiszAl, 
and the partitioning behavior of interest is 
between a variety of ternary phases produced as 
a function of alloy cooling rate from a single 
homogeneous high-temperature 8 phase. The Nb 

is added to the alloy to enhance its perfor- 
mance, primarily through an improvement in duc- 
tility. In this work, the details of the pro- 
cedure for quantitative analysis of these al- 
loys are presented. The complete details of 
the phase transformations which occur in this 
alloy are discussed by Cieslak et al.? 


Background 


To characterize elemental partitioning be~ 
tween phases quantitatively, the details of the 
microanalytical technique used to characterize 
the partitioning must be well understood. In 
the case of thin-film x-ray microanalysis, what 
is required is careful attention to the detern- 
ination of the sensitivity factors used to cal- 
culate composition from x-ray intensities; 
careful examination of the potential for x-ray 
absorption, which might influence the calculated 
results; and careful consideration of the im- 
pact of x-ray spatial resolution for the analy- 
sis. In this paper, all these details are ad- 
dressed in some depth. The results presented 
here are then used in the work of Cieslak et 
al.,2 in which the metallurgical details of the 
study are presented. 

Elemental compositions can be determined from 


The authors are with Sandia National Labora- 
tories, Albuquerque, NM 87185. The work was 
supported by the U.S. Department of Energy un- 
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X-ray intensities via the Cliff-Lorimer stan- 
dardless-ratio technique,* which is given here 
by 


Cup/Crg = Kyra nn/ Fra? 
Cay lCoy = Keyra aa tyiy (1) 
C = ¢ +C ae & 


Ti Al Nb 


where C is composition (wt.%), I is background- 
corrected x-ray intensity, and k is the sensi- 
tivity factor. The values of k can be deter- 
mined experimentally from standards or calcu- 
jated from first principles. The value of the 
sensitivity factors is examined experimentally 
and by calculation in this paper. 

The standardless ratio equations are valid 
only in the absence of x-ray absorption or 
fluorescence. To determine if absorption ef- 


fects are significant, Goldstein et al.* has 
established the criterion 
{0.5 u/p)* - u/e)? d,} < 0.05 (2a) 


where u/p)? and u/p)J are the mass absorption 
coefficients of the elements in the specimen 
(all permutations and combinations of Ti, Al, 
and Nb must be considered here) and dg is the 
x-ray path length through the specimen en route 
to the detector. The x-ray path length is de- 
fined by the specimen/electron beam/detector 
geometry and is given by 


d. = [sin B/cos(®, - B)]ot 


Q (2b) 


where 8 is the angle between the beam and the 
foil surface (a complex function of detector 
azimuthal angle and two specimen tilt axes), 
8, is the detector elevation angle, p is the 
specimen density, and t is the specimen (foil) 
thickness at the point of analysis. As writ- 
ten, the absorption criterion indicates the 
thickness at which absorption will alter the 
quantitation results by 5% (relative). 

X-ray spatial resolution can be examined by 
several techniques. The easiest procedure is 
to use the single-scattering-model approxima- 
tion* 

b = 625(Z/E )(o/a)*/*t*/? (cm) (3) 
where b is the exit beam diameter (cm), Z is 
atomic number, A is atomic weight, E is the 
beam energy (keV), 9 is density (g/cm4), and 

t is thickness (cm). To calculate the diameter 
of the x-ray generation volume, the beam diam- 
eter is added in quadruature to b. To include 
90% of the electrons, as in Eq. (3), the beam 
diameter is 1.82d,, where dp is the full-width- 
at-half-maximum (EWHM) beam diameter.° The most 


sil 


FIG, 1.--TEM bright-field micrograph of 


Ti-14.8A1-21.3Nb (wt.%). Diffraction pattern 
inserts show [1120] a, zone (left) and [110] 8 
zone (right). 


accurate procedure is to use Monte Carlo tech- 
niques.° Both procedures are used in the pres- 
ent work and the results are compared. 


Experimental 


The alloy used in this study contained 
63.90Ti-14.80A1-21.30Nb (wt.%), with a few ppm 
trace levels of Fe (600 ppm), N (60 ppm), and O 
(600 ppm). The material used in this study was 
in the form of a hot-rolled sheet and contained 
a duplex microstructure of the a2 phase (or- 
dered hexagonal, D019) and 8 (bcc). As shown 
in Fig. 1, a bright-field TEM micrograph of the 
alloy, the matrix is predominatly oa, with 8B at 
the grain triple points. The a2 phase is large 
enough to determine the composition with the 
electron probe microanalyzer (EPMA). The com- 
position of the a, is 65.4Ti-14.6A1-20.0Nb 
(wt.%), and the phase is compositionally homo- 
geneous. The o, was used as a thin-film stan- 
dard to determine the Cliff-Lorimer sensitivity 
factors and to examine absorption effects in 
the alloy. 

Thin foils of the alloy were produced by 
standard techniques for preparing self-support- 
ing 3mm disk specimens. The foils were thinned 
to electron transparency by jet polishing of 
100um-thick disks in a 5% sulfuric acid in 
methanol solution at 16 V. The AEM was per- 
formed in a JEOL 2000FX (at 200 kV) equipped 
with a Tracor-Northern 5402 EDS analyzer. The 
high take-off angle (72°) 7.5ym Be window de- 
tector was used. The detector had an active 
area of 30 mm? and was 3 mm thick. 

The k-factor determination and absorption ex-~ 
periments were performed in thin areas of the a, 
phase. A series of point analyses was made with 
a 50nm beam in regions of the foil of various 
thickness. X-ray intensities were background- 
corrected and integration was done over the full 
peak. The thickness of the foil was determined 
by a variety of techniques, including the con- 
tamination-spot technique, the differential 
x-ray absorption technique, and the integrated 


x-ray count rate technique.’ A comparison of 
the thickness determination results will be 
given later in this paper. 


Results and Discusston 


Determinatton of k-~factors. Figure 2 shows 
the k-factor vs thickness. The results are 
plotted as log k vs t, as suggested by Horita 
et al.®° The Horita analysis is intended to 
produce the k-factor for an infinitely thin 
foil, in which any absorption effects are elim- 
inated. The true zero thickness k-factor is 
given by a least-squares extrapolation to zero 
thickness. The value of kypti is 2.91 + 0.18 
(20 counting error). In this case, the slope 
of the k-vs-t curve is zero, indicative of no 
absorption effect for thicknesses up to 280 
nn. The value of kajTji at zero thickness is 
1.07 + 0.04 (20 counting error). The change 
in kAiTi with thickness is slight; it increases 
about 7.5% over 200 nm. The increase in kaiTi 
with thickness is just detectable above the 
noise due to counting statistics. 

The k-factors for these elements have also 
been calculated, by use of the algorithm of 
Carr and Romig. The k-factors are calculated 
from 


Kati 7 [ (Qua) ps Ag]/[ (Qua) Ap; ] a. [e,/eq; | 


where Q is the ionization cross section, w is 
the fluorescence yield, a is the fraction of 
the K line which is Ka, A is the atomic weight, 
and « is the detector efficiency. Here, all 
k's are referenced to Ti, so Eq. (4) must be 
written for kaj7y and kypry (the subscript A 
is for Al or Nb). 

The cross-section model used is that given 


(4) 


by Powell,+° as modified by Brown.**+ The ex- 
pression is 
Q = [6.51 = 10-** /E ,U]nb In(cU) (5) 


where E, is the critical ionization energy, U 
is the overvoltage (Ec/Eo, where Ee is the 
critical excitation energy and Eo is still the 
beam energy), n is 2 for K-shell excitations, 
and b and c are given by 0.52 + 0.00292 and 
1.0, respectively (Z is atomic number). 

The fluorescence yield is from Burhop,** and 
given by 


[w/(1 - w)]t/* = A + BZ + CZ 


where A, B, and C are 0.015, 0.0327, and 
-0.624 x 107°, respectively, as given by Bam- 
bynek.** 

The values of a are calculated from the 
fitted equations of Schreiber and Wims!* and 
are 0.882, 0.978, and 0.838 for Ti, Al, and Nb, 
respectively. 

The detector efficiencies are calculated 
from the absorption of each type of x ray as it 
passes through the Be window, Au contact filn, 
and Si deadlayer. The efficiency calculation 
also considers transmission of x rays through 
the detector. For these calculations, the mass 
absorption coefficients of Thinh and Leroux’? 
are used. The Be window is 7.5 ym thick and 


(6) 


5 Ws 


Table 1.--Beam spreading as calculated by Eq. 
(S)s 


200 keV 
eead sen. DOV SPOt SIZE" 50k one 
inm 2nm 5nm 10nm 20nm 50nm 100nm 

Thickness 

10 nm 10 20 50 10 20 500 100 
20 nm 1.2 21 50 10 20 50 100 
50 nm 26 31 55 10 20 50 100 
100 nm 6.7 69 83 12 21 50 100 
200 nm 19 19 19 21 28 53 102 
500 nm 74 74 74 75 77 89 124 


0 100 


200 
t (nm) 


300 


FIG. 2.--Relationships between ka1Ti and foil 
thickness. Extrapolated value to infinitely 
thin foil is shown at t = 0, where kaiTi = 
1.07 + 0.04 and knbTi = 2.91 + 0.18 (error 
from 20 counting statistics). Error in thick- 
ness is approximately 10% relative. Measured 
k factors are consistent with calculations: 
kajTi = 1.05 and kyppy = 3.07. Data show ab- 
sence of absorption for Ti and Nb in alloy and 
slight (5% at 200 nm) absorption of Al. 


the Au film and Si deadlayer are assumed to be 
20 nm and 100 nm thick, respectively, as sug- 
gested by Zaluzec.?® As noted, the detector 
here is 3 mm thick. The calculated detector 
efficiencies are 0.951, 0.712, and 0.988 for Ti, 
Al, and Nb, respectively. For a complete de- 
scription of the detector efficiency calcula- 
tion, the reader is referred to the paper of 
Carr and Romig.? 

With the above formulations and input data, 
the calculated k-factors are 
Kari = 1.05 and KpTi = 
These values compare quite favorably to the 
measured values given above. The calculations 
match the measured values within the 2 standard 
deviation counting error. 
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X-ray Absorptton., As shown in Fig. 2, x-ray 
absorption effects are small. No measurable 
effect was observed for Nb-Ti and only a small 
effect for Al-Ti in the ternary alloy. An in- 
crease of approximately 7.5% in kajTi was ob- 
served at a thickness of 200 nm. The thick- 
nesses given in Fig. 2 were measured by a vari- 
ety of techniques, as described by Romig and 
Carr.’ The thicknesses were determined with 
the contamination-spot technique and by differ- 
ential x-ray absorption of the Nb K and Nb L 
lines. (The full details are given in the orig- 
inal references.’2'’) The thicknesses deter- 
mined by each technique agreed within 10-15% 
relative, with the contamination-spot techniques 
typically giving slightly larger values, Furth- 
er, all the thicknesses were self-consistent 
with the change in x-ray count rate with thick- 
ness. (In thin regions of the foil, where sin- 
gle scattering is appropriate, one would expect 
the count rate to increase linearly with thick- 
ness.) Hence, it is reasonable to assume that 
the reported thicknesses are accurate to at 
least 10% relative. 


*The diameter encompassing 90% of all the electrons in a Gaussian probe 
is 1 82x FWHM Most instrument manufacturers report FWHM as spot 
size 


The thin-film criterion at 5% (Eq. 2a) was 
applied to the data collected from the a, 
phase. With the absorption coefficients of 
Thinh and Leroux,** and the specimen/detector 
geometry for the 2000FX, the 5% criterion is 
violated for thickness greater than 160 nm. 
This calculation is again consistent with the 
experimental observations. 

Other elements, such as Cr and V, have also 
been considered as alloy additions to TiAl. 
At the concentration levels used in these al- 
loys (10 to 15 wt.%), absorption effects are 
similar to those observed in the Nb-modified 
material. The Cr and V modified alloys violate 
the thin-film criterion (Eq. 2a) at foil 
thicknesses of approximately 160 nm, 


X-ray Spatial Resolution. X-ray spatial 
resolution has been examined in this alloy by 
use of both the simple single-scattering mod- 
el as given in Eq. (3) and by Monte Carlo mod- 
eling.° For foil thicknesses of up to approx- 
imately 350 nm, the results of the single- 
scattering model and the Monte Carlo model are 
in excellent accord (Table 1). At larger foil 
thicknesses, the single-scattering model be- 
gins to overestimate the beam spreading. How- 
ever, at these large thicknesses the absorption 
correction becomes uncertain and reliable 
quantitative analysis is not possible. 


Cone lustons 


1. Reliable quantitative thin-film x-ray 
microanalysis is possible on Nb-modified 
titanium aluminides. 

2. At 200 kV, the sensitivity factors for 
standardless quantification are: 


Experimental: k = 1.07 (40.04) 


A1Ti 
kwri = 2.91 (40.18) 
Calculated: kari = 1.05 
Keri = 3.07 


3. X-ray absorption is not significant at 
the 5% level until the foil thickness (with 
the az composition) exceeds approximately 160 
nm. This calculation is consistent with exper- 
imental observation, in which the kyaj7j was ob- 
served to increase by approximately 5% at a 
thickness of 200 nn. 

4. For reasonable foil thicknesses (less 
than 350 nm), beam spreading can be accurately 
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calculated by the single-scattering model. Spa- 
tial resolution can be calculated by addition of 
the beam diameter (1.82 FWHM for 90% of elec- 
trons) and the spreading factor in quadrature. 
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ANALYTICAL TEM OF YTTRIA-STABILIZED ZIRCONIA WITH SILICATE GRAIN BOUNDARY PHASES 


Y. J. Lin, M. L. Mecartney, and Peter Angelini 


Yttria partially stabilized zirconia (Y-PSZ) 
is a ceramic that exhibits a high toughness 
due to the toughening effect of the tetragonal 
to monoclinic phase transformation.* Typical 
of many polycrystalline ceramic materials, 
Y-PSZ usually contains an amorphous silicate 
grain boundary phase, derived from impurities 
associated with the raw material or introduced 
during powder processing. The presence of 
this grain boundary phase and its composition 
have been shown to affect microstructural de- 
velopment and the properties of Y-PSZ.7°5 A 
systematic investigation of the significance 
of the silicate phase composition on the mi- 
crostructure and composition of the Y-PSZ was 
reported by Mecartney and Angelini* using ana- 
lytical transmission electron microscope (TEM) 
to examine 3 and 8 mol% Y-PSZ with controlled 
additions of aluminosilicate and borosilicate 
glasses. To complement to their work, we used 
analytical TEM to study 4 mol% Y-PSZ doped 
with similar aluminosilicate and borosilicate 
grain boundary phases. 


Fapertmental 


Co-precipitated zirconia powders containing 
A mol% of yttria were mixed with 5 wt% alumin- 
osilicate or borosilicate glass powders. Af- 
ter sintering at 1400 C for 20 min, these sam- 
ples were hot isostatic pressed (HIPped) at 
1650 C for 100 min in an argon atmosphere at 
100 MPa. TEM samples were prepared and inves- 
tigated with a Philips EM400T at 100 kV with 
field-emission gun (FEG) and equipped with 


EDAX 9100 energy-dispersive spectrometer (EDS). 


EDS Spectra were analyzed with NEDQNT pro- 
gram.” A Gatan double tilt cold stage was 
used to minimize contamination. 


Results and Discusston 


The microstructure of these materials is 
typified by extensive grain boundary net- 
work and rounded zirconia grains with 
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a bimodal grain size (Fig. 1). EDS results 
summarized in Table 1 show that the large zir- 
conia grains contained approximately 7 mol1% of 
yttria, and the small zirconia grains con- 
tained about 3 mol% of yttria (Fig. 2). With- 
in the statistical scatter of the data, the 
partitioned yttria concentrations for alumino- 
Silicate and borosilicate samples were equiva- 
lent. These large and small zirconia grains 
therefore correspond to the cubic and tetra- 
gonal phases, respectively, as predicted from 
the yttria-zirconia phase diagram. °® The size 
difference between the tetragonal and cubic 
zirconia indicates tnat tue cubic zirconia grew 
much faster than tetragonal zirconia even in 
the presence of a completely wetting liquid 
phase. This phase separation was not obvious 
for the 3 mol% Y-PSZ in Mecartney and Ange- 
linits work,* although the 3mo1% compositions 
also lies in the two-phase (cubic +tetragonal) 
region of the phase diagram. 

There was also a significant difference in 
yttria concentration for the grain boundary 
glasses at room temperature (Fig. 3 and Table 
1). The aluminosilicate glassy grain boundary 
phase contains 7.7 mol% of yttria while the 
borosilicate glassy grain boundary has little 
yttria. Since both phase partitioning and 
grain growth involve the redistribution of 
yttria among the zirconia grains, there must 
be some significant solubility of yttria in 
borosilicate glass at high temperature. 


Coneluston 


Phase partitioning into large cubic (7 mol1%) 
and small tetragonal (3 mol%) zirconia grains 
was observed for 4 mol% Y-PSZ with aluminosil- 
icate and borosilicate glassy grain boundary 
phases. EDS analyses of the grain boundary 
phases indicate little yttria present in the 
borosilicate glass but approximately 8 mol1% 
yttria in the aluminosilicate glass. However, 
the phase partitioning and extensive growth 
suggest that significant yttria solubility ex- 
ists at high temperatures. 
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EXPERIMENTAL DIFFICULTIES WITH OBTAINING ELECTRICAL PROPERTIES 
BY SPATIALLY RESOLVED ELECTRON ENERGY LOSS SPECTROSCOPY 


P, E. Batson and J. Bruley 


The shape of the core absorption edges, on a 
scale of tens of electron volts, can be 
explained on the basis of single electron 
transitions between atomic levels and a free 
electron continuum.! Within a scale of a few 
electron volts beyond the absorption edge, the 
bandstructure of the solid needs to be con- 
sidered. For instance, a very good study of 
the systematic variation of the transition 
metals and their oxides has been made.* The 
question arises whether it is possible to push 
the analysis further. On a scale of 1-2 eV, 
variations in the shape of a core absorption 
ought to reflect variations in the band- 
structure that are important to local elec- 
trical properties. This is in fact correct.? 
Elsewhere in these proceedings, there is a 
description of an electron energy loss system 
that combines a good energy loss resolution 
(0.35 eV) with a small probe size (0.8 nm). 

We discuss here some experimental limitations 
on the use of this system to obtain electrical 
properties in small areas of silicon and 
diamond. 


Processing of Raw Data to Obtatn Uniform 
Compart sons 


The basis of the technique is to measure 
the shape of a core absorption with sufficient 
accuracy to detect single electron transitions 
to unoccupied electronic states near a semi- 
conductor conduction band edge. Transitions 
to states in the conduction bands produce 
changes in the absorption edge shape. Transi- 
tions to states in the semiconductor gap pro- 


duce scattering in front of the absorption edge. 


To obtain small changes in scattering accur- 
ately, we must use a systematic method for 
stripping the edge background. In Fig. 1, we 
show energy loss results for the Si Lo 3 
absorption edge. We can strip the background 
off the scattering in the standard way, using 

a power-law fit to a region below the edge.° 

In this case, the fit is made only between 90.3 
to 93 eV. This extrapolation would not be very 
good for an elemental analysis that required 
tens of electron volts of absorption intensity. 
But in this case we are only interested in a 
4eV window about the edge. Under these con- 
ditions, we have found that a very good fit of 
the background can be made with a small window 
fit. In Fig. 1, we can verify that the real 
background is adequately approximated up to 

the absorption edge, even for the narrow fit. 
Normally, the background fit would be made 
closer to the edge. Figure 1 includes results 
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from two acquisitions to show the degree of 
reproducibility obtainable from different 
areas. In general, the overall shapes are in 
agreement. However, small differences are 
evident and are the subject of this discussion. 

In Fig. 2, we show a stripped edge of better 
quality. Several features are usually seen. 

At 99.84 eV there is an initial step-like 

edge. The intensity rises to a small shoulder 
at 100.2 eV and then rises again to a peak at 
101.25 eV. Next, two small peaks appear at 
102.6 and 103.2 eV. Some of these features are 
due to final-state electronic structure. 
However, some are due to the spin-orbit 
splitting of the core level. The first dif- 
ficulty therefore is to separate the j = 1/2 
and j = 3/2 components of the scattering. We 
can eliminate the j = 1/2 part, leaving the 

j = 3/2 component, the 2p3/% edge, by a Fourier 
decomposition method. We construct a "split- 
ting function," consisting of two é6-functions 
that are separated by the 0.6leV spin-orbit 
splitting and that have an intensity weighting 
of two to one, the expected ratio of the popu- 
lations of the split-core level. We then divide 
the Fourier components of the data by the 
Fourier components of the splitting function, 
and inverse Fourier analyze the result. As 
shown in Fig. 2, the technique appears to work 
very well for the bulk silicon, eliminating 
the doubling of the peaks near 103 eV, and 
leaving one peak at 102.6 eV. The shape and 
position of the onset are unchanged; the small 
shoulder is enhanced; and the 101.25eV peak 
becomes a sharper peak positioned at 101.0 eV. 
The figure also shows the positions of the 
bands for various directions in silicon. We 
now see clearly that certain features in the 
Si 2p3/2 edge align nicely with important 
positions in the Si bandstructure. If these 
features move around or change in intensity as 
the probe is moved, we should be able to infer 
changes in the bandstructure. 

This spin-orbit analysis assumes that we 
know the splitting and the relative ratio of 
intensities expected forthe two parts. In 
fact, it has been found that the observed 
intensity ratio is not always the expected 
one.* We have observed shape variations at the 
Si edge that might be attributable to this 
discrepancy. These variations are subtle and 
appear for different orientations and surface 
quality of the Si. At present, we have no 
systematic study of this possibility. Thus 
care has to be exercised in applying the 
Fourier deconvolution technique in the absence 
of good knowledge of the core-level splitting 
and intensity ratio. 
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Region of Background Fit 
(R=-3.1) 
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100 102 104 
Energy Loss (eV) 
Fig. 1.--Raw data for bulk silicon. Background 


has been fitted in indicated region and sub- 
tracted to show that background extrapolation 
procedure is quite good over a 10-l5eV range. 


Vartation of Absorption Shape wtth Speetmen 
Morphotogy 


Given a systematic analysis such as the 
above, we can now explore the variation in 
shape as we move the probe around. Figure 3 
shows results as a function of thickness in a 
wedge-shaped specimen. We observe that the 
shape of the absorption onset changes as the 
specimen gets thinner. On the extreme edge of 
the specimen, we observe an Si02 spectrum. In 
the thickest areas, we see a bulk Si result. 

As the Si thickness approaches 10 nm, deter- 
mined by analysis of the bulk plasmon multiple 
scattering, bandstructure-related features 
disappear. In Fig. 4, a similar situation 
occurs in thick Si as a function of the lateral 
distance of the probe to a cleaved surface. In 
this case, the probe must get very close to the 
surface--of the order of 1 nm--before the 
absorption structure disappears. 

The results of Fig. 4 seem sensible. When 
we move the probe to within one or two unit 
cells at the surface, we expect to see changes 
in the local bandstructure. However, the 
changes in Fig. 3 occur when the Si is many 
unit cells thick. Certainly, high-resolution 
lattice imaging is routinely possible in spec- 
imens of this thickness. In the present case, 
lattice imaging was successful. In examining 
various length scales in this problem, it 
occurs to us that in losing 100eV of energy 
to the specimen, the 100keV fast electron gives 
up a well defined amount of momentum in the 
direction parallel to the electron beam. This 
momentum transfer defines a length scale of 
about 7 nm for this problem. In analogy with 
surface and bulk plasmon scattering,® it is 
possible for the scattering probability to be 
affected when the thickness of the specimen 
becomes comparable to this parallel length 
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Fig. 2.--Better quality silicon data after 
background subtraction. It is now necessary 
to eliminate effects due to spin-orbit split- 
ting of core level. Major band edges and 
density maxima line up remarkably well with 
measured data. 


scale. It is beyond the scope of this discus- 
sion to try to understand this effect further. 
However, it should be readily apparent that we 
must be careful with the specimen configuration 
and thickness when trying to utilize the 
interpretation of the core-edge to obtain 
bandstructure information. 


Orientation Dependence 


Since the information that we are trying to 
acquire is related to the crystallinity of the 
solid, we should ask whether the observed 
structure depends on the crystal orientation 
with respect to the incident beam. Certainly, 
in systems with known anisotropy, the shape of 
the core edge is very sensitive to the crystal 
orientation. Good examples exist in graphite 
and boron nitride.’ However, we do not expect 
to see such effects for isotropic systems. In 
Fig. 5, we show results for silicon in two 
orientations--one with a [110] axis parallel 
to the incident beam direction, the other with 
the [111] axis parallel to the incident beam. 
The two results have been normalized at 
100.0eV--that is, the part of the bandstructure 
that relates to the band edge. Two differences 
are then apparent in the results; (1) intensity 
exists below the onset, in a region correspond- 
ing to the Si bandgap, for the [111] orienta- 
tion; and (2) the intensity in the peaks at 
101 and 102.6eV do not match. 

As mentioned above, intensity located before 
the absorption onset is a signature of addi-~ 
tional states occurring in the gap of the Si. 
However, it seems unlikely that this is a bulk 
effect, because it is not subtle. The ratio 
of measured intensities within the gap for 
these two orientations is of the order 5x. It 
seems unlikely that any departure from isotropy 
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FIG. 3.--Stripped edges for various thicknesses 
of silicon, obtained by moving the probe toward 
the edge of a wedge-shaped specimen. At the 
extreme edge, Si0o is present. Well before the 
edge, the spectrum is significantly modified. 
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FIG. 5.--Comparison of the Si absorption edge 
for two orientations. Data are normalized at 
99.9 eV to make [100] type scattering equi- 
valent. Two types of differences emerge: (1) 
scattering at L,; and L3 is stronger in the 
[110] sample, (2) surface-related scattering 
in Si gap is present in [111] sample. 


could be as large as that. We suspect this 
intensity is due to scattering involving sur- 
face states. We remember that the Si [111] 
surface has many dangling bonds that are 
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FIG. 4.--Silicon absorption for various 
distances away from edge of cleaved area. 
Here, thickness does not changes appreciably. 
Changes in spectrum occur because of close 
proximity to cleaved edge. 


difficult to rearrange to form a noninteract- 
ing surface. The [110] surface, on the other 
hand, can readily reconstruct to satisfy all 
dangling bonds. Thus, we expect that the [111] 
oriented sample may show significant scattering 
to empty surface states located within the Si 
gap. The results in Fig. 5 are entirely 
reasonable from this point of view. Differences 
in intensity above the edge would then be a 
reflection of the redistribution of the elec- 
tronic density of states near the surface. 
Therefore this result is similar to that shown 
in Fig. 3 and 4 above. 


Surface Seattering in Dianond 


The results in Fig. 5 are certainly debat- 
able, because the statistical quality of the 
data is not very good. In diamond, we have 
much clearer results of a similar behavior. 
Spectra of the carbon K edge were acquired as 
a function of thickness in a wedge-shaped 
sample. The thickness was calibrated with the 
low-loss multiple scattering. It was found 
that the intensity of the absorption edge at 
288.8 eV was proportional to the thickness of 
the sample for thin areas. However, most of 
the intensity below the absorption edge remain- 
ed relatively constant as the thickness was 
varied. Two examples of this result are shown 
in Fig. 6. These data were acquired at con- 
stant beam dose, so that they need not be 
normalized. The background subtraction was 
the only processing done. It is obvious that 
the pre-edge structure remains constant in 
intensity, whereas the absorption onset becomes 
smaller in the thinner sample. In examining 
the pre-edge structure in greater detail, we 


see that there is a similarity of the shape of 
the structure to the shape of predicted elec- 
tronic surface structure in diamond.® We thus 
are confident, at least in this case, that the 
structure is surface related. 


A Mteroanalyttcal Result 


Clearly we need to be careful with inter- 
pretation of these shape variations until we 
thoroughly understand the effects due to thick- 
ness, orientation, and the surface. At the 
outset of an experiment, we must characterize 
the sample, and design the measurements to 
minimize these problems. Figure 7 shows a 
recent result? for a single dislocation in Si. 
The figure shows a comparison of spectra 
acquired on and off a partial dislocation 
bounding a stacking fault. The two regions 
analyzed had the same thicknesses and orienta- 
tions. They were also close enough for us to 
assume that they probably had the same amount 
of surface scattering. There are clear dif- 
ferences between the two spectra. In the con- 
text of a recent analysis of the Al/Si{(111) 
interface,? these differences can be inter- 
preted in the following way. First, intensity 
below the absorption edge at the dislocation is 
likely to be due to defect electronic states 
lying within the Si gap. Second, the Fermi 
level should be at a position defined by the 
onset of the in-gap scattering--99.7eV in this 
case. This is 1.1 eV below the onset of 
scattering in the bulk--precisely at the val- 
ence band edge as indicated in the figure. 

This result is just what we expect for the p- 
type material in this experiment. Third, there 
appears to be a shift of the 102.6eV peak to a 
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FIG. 6.--Comparison of two carbon K edge spec- 


tra taken from different thicknesses of diamond. 


Scattering below edge corresponds to surface 
scattering. Surface scattering intensity 
remains constant; bulk absorption onset 
decreases for smaller thickness. 
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Slightly lower energy. If the in-gap states 
are a result of a distortion of the Si lattice 
near the dislocation, the conduction band- 
structure will also be modified. In effect, 
the spectral density associated with the in- 
gap states is created at the expense of states 
lying higher in the Si conduction bands. 
Recent calculations!® have shown that the shift 
of the 102.6eV peak is the most prominent 
Signature of that redistribution of state 
density. 

In conclusion, we are able now to get 
electronic structure information with a spatial 
resolution of 1 nm or better. Various effects 
having to do with the specimen surface, its 
thickness, and the experimental scattering 
geometry must be understood and controlled to 
allow us to interpret this information. 
However, these effects appear amenable to 
understanding with proper care. This kind of 
work thus promises to be a powerful tool to 
further our understanding of the localized 
electronic structure of defects and interfaces 
in device related structures. 
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QUANTITATIVE MAPPING OF THIN-FILM STEM SAMPLES WITH ENERGY-DISPERSIVE X-RAY SPECTROMETRY 


J. F. Konopka 


This paper describes one approach to the quan- 
titative interpretation of EDS x-ray maps. Suc- 
cessful methods and problems found in acquiring, 
processing, and displaying the data are dis- 
cussed. All work described here was done with 
the Imagex-II experimental imaging software 
package, elements of which have been described 
previously. 


Aequtsttton 


In ordinary x-ray mapping, it is often sufi- 
cient to acquire only a few counts per point to 
determine whether an element is present or ab- 
sent. To do meaningful quantitative work, more 
precision is required. Ideally one would like 
to get at least the same precision as is ob- 
tained in single-point analysis. However, 
since a measurement of 1000 counts has a stan- 
dard deviation of 3% and a measurement of even 
1000 counts per point per element is unlikely 
in a STEM, we can see that this precision is 
not yet attainable; one should endeavor to col-~ 
lect as much data as possible. More data can 
be obtained by use of higher beam currents, a 
short time constant in the EDS amplifier, a 
short sample-to-detector distance, a large area 
detector, and a longer acquire time. Problems 
of beam damage and focus limit the usable beam 
current. Contamination, specimen drift, and 
operator patience limit the acquire-time of the 
map. In practice, maps taken in as little as 
5-10 min are useful for quantitation. In this 
procedure, software maps are acquired with the 
"fast" mapping method. The electron beam makes 
multiple scans over the sample, integrating the 
data from each scan at the same point from suc- 
cessive scans. With the use of two acquire 
groups, this method is 100% efficient. Dwell 
times at each point are measured as live time. 
The benefits are that the operator can observe 
the progress of the whole map from the very 
start, the decision on total acquire time is 
postponed until the map is finished, and the 
mapping can be stopped as soon as some evidence 
of drift or beam damage appears. Since the 
beam is constantly scanning (the dwell times 
per point are typically 1-2 ms), some of the bad 
effects of electron-beam exposure are miti- 
gated. Improvements in acquisition in the fu- 
ture will most likely come through faster pulse 
processors and detectors of larger area. 


Background Subtractton 


Background measurements are a problem be- 
cause the continuum signal intensity in x-ray 
spectra is rather low, so that it is difficult 
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to obtain good precision within the time used 
to measure the elemental peaks. Initially, 
one large background window per map was used 
to measure the background. Fair precision 
could be obtained, but for low-wt% elements 
the accuracy was inadequate. Currently multi- 
ple windows are allowed. The operator selects 
the background for each element from a menu 
just before the data are displayed. This pro- 
cedure provides better accuracy at the cost of 
more tedious interaction with the machine. We 
are now investigating ways of caluclating the 
background at each element given a measurement 
at one point, as has been suggested for WDX 


mapping. 


Quantttatton 


The Cliff-Lorimer algorithm is used. This 
algorithm is simple enough so that an ordinary 
map can be processed in about 20-30 s. Default 
k factors are calculated by the method of 
Schreiber and Wims for oxide or nonoxide sam- 
ples, Operators may override them and enter 
their own k factors. The override is often 
needed for good accuracy as the use of various 
windows for peak integration affects the k 
factor. The current version calculates either 
wt% or atomic’. Accuracy is as good as an 
analysis done at a single point, mitigated by 
the poorer precision as described in the acqui- 
sition discussion. A characteristic of the 
Cliff-Lorimer method is that the results are 
independent of sample thickness. That lets 
the operator focus exclusively on compositional 
differences in the sample. In practice, some 
thickness dependence is visible, as the preci- 
sion varies with thickness. 


Display 


One of the biggest problems in this project 
was how to display the data. In a qualitiative 
map, Simple shading and autoscaling of data are 
sufficient to highlight variations in sample 
composition, which requires only a small number 
of gray levels in graphics hardware. Imagex-IT 
uses 30 gray levels for standard map displays. 
In quantitative mapping, at least 100 levels 
are desirable and more is better. The range 
should be 1% to 100% to display simultaneously 
pure-element regions and trace-element regions. 
More than 1% precision is useful in calculating 
the composition of homogeneous areas (described 
below), even though it exceeds the precision of 
a single data point. In qualitative mapping, 
color can be used to relate intensity to compo- 
sition; in quantitative mapping, the results 
are less satisfactory. Although the eye can 
distinguish a large number of colors, the brain 
cannot easily process so many levels. Qualita- 
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FIG. 1.--Line scan of background-subtracted peak intensities. 


tively, we can naturally relate increased compo- 
sition to increased brightness in an image, 
Quantitatively, there is no natural mapping be- 
tween color or brightness and wt%. Red, for 
example, does not automatically mean 23.0% Si. 
Even with a key or scale it is difficult to 
understand a quantitative image with more than 
five or ten colors--which conflicts with the 
desire to see up to 100 levels. In Imagex--II 
two approaches are used. First, in the display, 
ten color levels are provided. These levels show 
globally the approximate composition at all 
points in the map simultaneously, which is use- 
ful but too coarse to show small changes in 
composition. The second methid is an octagon- 
shaped interactive cursor whose size and posi- 
tion are controlled by the operator. It is 
drawn simultaneously in all displayed maps. 
Each time the cursor is changed in any way the 
average value within the cursor is calculated 
and displayed at the bottom of the screen. 

This method allows the user to probe about the 
image and always see unambiguously the composi- 
tion displayed. Imagex-II uses 240 levels of 
graphics memory for displaying quantitative 
maps, so precision is data limited, not hard- 
ware limited. A valuable benefit of this 
method is that the average value calculated 
over some large number of points is more pre- 
cise than that of a single point. For a mea- 
surement repeated n times the standard devia- 


A small 
cursor 5 points on a side increases the preci- 


tion of the mean decreases as 1/vYn.* 


sion by an order of magnitude. Other display 

modes are being considered. One very promis- 

ing method is that of concentration-concentra- 
tion histograms. 


Example 


An analysis was carried out on a sample of 
kimberlite. The mineral extracted is ortho- 
pyroxene with exsolved lamellae of diopside. 
The data were taken with a Hitachi H700H STEM 
and a Kevex Delta III EDS microanalyzer, with 
the help of Drs. Masao Kitamura and Akira 
Tsuchiyama of the Department of Geology, Facul- 
ty of Science, Kyoto University, Sakyo, Kyoto, 
606 Japan. All results reported below are in 
oxide percent. Figure 1 shows a line scan 
plot of element intensities. In Fig. 2, data 
were taken along a line from just below mid- 
center to the top of the image. These data 
were collected and plotted with a separate 
Forth program. The key point is that the var- 
iation of x-ray intensity and sample thickness 
is clearly visible. The larger exsolved 
lamellae are also clearly indicated. 

Figure 2 is a plot of the raw data after 
background subrtraction. Variations in inten- 
sity are visible though the sample is homogen- 
eous. Variations in composition are apparent 
but there is no indication of absolute values. 
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FIG. 2.--X-ray intensity map, background-subtracted peak intensities. 


The Ca map shows almost zero Ca outside the 
lamellae and very high inside the lamellae but 
there is no indication about actual wt%. A 
secondary electron image is shown at lower 
right. 

Figure 3 shows the same data as Fig. 2 after 
quantitation, based on measured k factors avail- 
able at the time of writing. The composition 
now seems nearly uniform despite thickness var- 
iations. The cursor was expanded to give an 
average value from a large homogeneous area. 

We can now see from the scale that Ca is of the 
order of 40-60% in the lamellae. (The video 
shows ten composition levels but the plot func- 
tion can only reproduce five levels.) When the 
cursor was reduced and placed in the lamellae, 
the concentration reported was in fact about 
45%. 
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FACTORS 


AND SPATIAL RESOLUTION 


R. Gauvin and G. L'Espérance 


Fast secondary electrons (FSE), which result 


from inelastic scattering of incident electrons, 


are known to generate a significant number of 
x rays for light elements and also to degrade 
the spatial resolution of x-ray microanalysis 
in thin foils.! 


tion on K,,, factors and spatial resolution. 
also presented. 
program will appear elsewhere.” 


Description of the Monte Carlo Program 


Relativistic Rutherford cross sections are 
used? to describe elastic collisions. 
an elastic collision occurs, 
sections are weighted with composition and a 


random number uniformly distributed between zero 


and one is used to determine which element 
interacts with the incoming electron. 
istic Moller cross sections are used’ to 

describe inelastic collisions. Each time a 


primary electron suffers an inelastic collision, 
a secondary electron is generated and its tra- 
jectory is computed until it escapes the speci- 
men or its energy is smaller than the smallest 


critical ionization energy E.. 
The energy of the FSE is obtained from 


aces de 


~ 70.5 
i (do/de),, de 


R 


A Monte Carlo program simula- 
ting the generation of FSE in binary systems has 
been developed to study the effect of composi- 
The 
effect of Becelerating voltage and thickness is 
A detailed description of the 


Each time 
the elastic cross 


Relativ- 


(5) 


(3) and (4), t=E o/ sil (keV) 
is the energy of the primary 
Equation (2) has no analytical 
solution; solving it requires the use of 
numerical methods, which are time consuming. 
As a result, the logarithmic term has been 
expanded into its Taylor series expansion with 


In Eqs. 
where, E 
electrons. 


the second (and higher) terms neglected. The 
following equation is then obtained: 
_ 2-2-B+¥ (Q-2~B)*+4 (Qta-28) (6) 
2(Q+a-2B) 
where 2 = R[y+(a/2)] - y (7) 


Results obtained from Eq. (2) and our 
approximation are shown in Fig. 1. Our 
approximation slightly increases the initial 
energy of FSE. Energy loss is computed for 
FSE only, from Bethe's relativistic equation. 
The angles of deflection and emergence of the 
primary and FSE electrons are computed from 


the relativistic expressions of Moller. 1 
We are particularly interested in x rays 


generated by FSE and in their effect on Kap 
factors, which are defined elsewhere. © _We 
compute the ratio K* = Aap (ep) /K ap(ep +e ar 


where the Kap 5) factor is aes a 
x rays sites ec the primary electrons; and 
the K ap ep*tes) factor, for those eiitted by 


Then 


(1) 


primary and secondary electrons. 


where R is a random number between zero and one, 


€ is the normalized energy of the secondary 


electron relative to that of the primary elec- 


tron, (do/de)y, 


Moller cross ection. and ¢«. is the cut-off 


is the differential relativistic 


Ey 


= 100 KeV 


energy. In our program, a value of 0.01 is used. 
Sol of Eq. (1) gives 
c 
: ¥ * (0/2) ey 2 
® 
where a = [t/(t+1)]* (3) = 
s o——~e Exact formula 
B= (241) /(t+1)4 (4) £ s-——a Approximation 
S 
The authors are at the Center for Character- rn _ ic ro 
ization and Microscopy of Materials (OM)2, 0.0 Q.1 0.2 0.3 0.4 0.5 
Ecole Polytechnique de Montréal, C.P. 6079, Fraction of energy loss by F.S.E (e) 
Succ. "A,'' Montréal, Canada H3C 3A7. This 
work was supported by grants from the Natural 
Sciences and Engineering Research Council of FIG. 1.--Energy distribution of FSE at 100 keV 


Canada and from Le Fond pour la Formation de 


Chercheurs et L'Aide & la Recherche of Quebec. 


obtained with Eqs. 
(approximation). 


2 (exact formulation) and 7 


5927 


7 Kap (ep) 


K ~ +e) 


aplep * &s 
2Q, (Eg) Lj 
EQ, (Ey) by 


2Q, (Ey) °L; +2, (E) LS, 
2Q, (E,) *L, +20, (E) “LS; 


H 


(8) 


where Q is the ionization cross section, E is 
the mean energy of the FSE between two colli- 
sions separated by a distance LS;, and L, is the 
distance between two collisions for primary 
electrons. Q is computed from Bethe's relativ- 
istic equation with the parameters b, and c, 
measured by Paterson et al.’ Since Q should be 
zero at U = 1 (U=E,/E_), the Bethe expression 
was modified following Worthington and Tomlin®: 
6.51 x10-?°n.b. 


aes an 
re 


E/E. 


(9) 


> lin - In(1-82) - 82 


(/c,) +[1 - a/G,)]e 


where n_ = 2 for K lines, 8 is the ratio of the 
speed of the electron to the speed of light, 
and E_ = mv2/2, where m is the rest mass of the 
electron. 


X rays generated by FSE are added in 10 000 
boxes 25 R wide distributed radially as a func- 
tion of distance from the position of the 
incident beam. The position of the appropriate 
box is taken as the mean distance between two 
successive collisions relative to the origin of 
the incident electrons. In this way, the 
diameter corresponding to 90% of the x rays 
generated by FSE can be computed. When a 
primary electron is transmitted through the thin 
film, this electron is summed in the appropriate 
box corresponding to the radial distance at 
which it escapes the specimen relative to the 
origin of the electron beam. In this way, the 
diameter corresponding to 90% of the transmitted 
electrons can be computed. 


Results 


The Monte Carlo code is written in FORTRAN 
and runs on an IBM 3090 computer with a vector 
processor. The number of primary electrons 
simulated was between 200 000 and 5 000 000, 
yielding 2000 to 14 000 FSE. 

Figure 2 shows the ratio K* as a function of 
the boron concentration for B-N, B-Fe and B-Nd 
systems for Ka lines at 100 keV for a 10008- 
thick foil. The number of x rays generated by 
the FSE is almost the same for B and N. There 
is therefore no effect of composition on K 
factors and the ratio K* is close to unity. 
Since FSE do not generate x rays of neodynium 


and of iron in this case, Kp_re and Kena are 


sensitive to boron composition in both systems; 
the largest differences are 13.2% and 6.7% in 
B-Fe and B-Nd systems, respectively. It 
follows that to compute a K,, factor for a 
system made of a light element and one of a 
moderate or heavier element, the effects of 

FSE have to be included. In addition, an exper- 


imental K,, factor used to quantify an x-ray 
analysis in such systems should be obtained 

from a standard of a composition similar to 

that of the sample. 

Figure 3 shows the effect of thickness on 
K*. As the thickness increases, the number of 
FSE increases and thus the number of B Ka 
X rays generated by FSE increases. K* is 
therefore more sensitive to composition and 
increases with increasing boron concentration. 
For Fe Ka x rays, the percentage of x rays 
generated by FSE was found to be 16.5% at 
5000 & and 5% at 2500 8 for a B-95 wt%Fe alloy. 
This effect also contributes to increase the 
sensitivity of the K* factor to composition. 
It is advantageous to work at small thick- 
nesses to minimize this effect and that of 
absorption. In this context, the value of 
t_ to prevent absorption (computed from the 
Tixier and Philibert criterion? and the Henke 
to Ebisu mass absorption coefficients) !9 is 
equal to 60 R; even for such a small specimen, 

% of x rays would be generated by FSE. 

Since it would be difficult to prepare a 
foil thinner than 60 R, the effect of FSE 
would have to be included to compute K 
factors. In addition, the effect of boron 
concentration on K* is significant since usual 
practical thicknesses range from 500 to 1000 R. 
Thus, if experimental K B factors are to be 
used, standards of simibar composition to that 
of the sample would have to be used to minimize 
such an effect. 

Figure 4 shows how K* varies as a function 
of accelerating voltage. As E, increases, the 
probability for inelastic collisions decreases 
because the distance between collisions 
increases for a given thickness. Thus, 
increasing E, decreases the number of FSE, and 
consequently the effect on the Kap factor 
decreases. 

Figure 5 shows the radial distribution of 
B Ka x rays generated by FSE and the radial 
distribution of FSE. The curve of x ray 
generation of B Ka is similar to a typical 
o{pz) curve of x-ray generation in the SEM. 
Since FSE are emitted almost perpendicularly 
to the electron beam, this result is not 
surprising. 

Figure 6 shows the diameter of the emission 
volume corresponding to 90% of the x rays 
generated by primary and by fast secondary 
electrons as a function of thickness. It can 
be seen that FSE considerably decrease the 
spatial resolution; the best spatial resolu- 
tion is obtained for the smallest thickness, 
since the range to escape the specimen is 
smaller. For B Ka x rays, a linear relation- 
ship between the diameter fo the volume of 
emission x rays generated by FSE and sample 
thickness is observed. 

Figure 7 shows the diameter of the volume 
of emission corresponding to 90% of the x rays 
generated by the primary and by fast secondary 
electrons as a function of accelerating voltage 
for the B Ka line. As E, increases, there 
is a decrease in the number of FSE and thus of 
the x rays generated by these electrons. 
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FIG. 2.--K* as function of B concentration in B-N, B-Fe, and B-Nd at 100 keV and for 1000R8-thick 
foil. Density of N has been varied to give value of 2.25 g/cm? for BN. 

FIG. 3.--K* as a function of B concentration in the F-FE system for various sample thcknesses. 
Eg = 100 kev. 

FIG. 4.--K* as a function of B concentration in the B-Fe system for various accelerating 
voltages. Sample thickness is fixed at 1000 R. 

FIG. 5.--Radial distribution of FSE and B Ka x rays generated by these electrons. B-50wt %Fe, 
Eo = 100 keV, t = 1000 8. 

FIG. 6.--Diameter of emission volume including 90% of x rays generated by primary and by fast 
secondary electrons as a function of thickness. B-80wt%Fe, Eo = 100 keV. 

FIG. 7.--Diameter of emission volume including 90% of x rays generated by primary and fast 
secondary electrons as a function of accelerating voltage. B-80wt%Fe, t = 1000 A. 
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However, because the FSE have more energy for 
high E., their distance between collision 
increases and the distance they travel in the 
specimen increases before they can escape from 
the specimen. Therefore, there is a decrease in 
the spatial resolution, and since the primary 
electrons are confined in a smaller volume, this 
effect is more marked at high E,. This relation 
ship can give wrong analysis even if the yield 
of x rays generated is small. 


Conelustons 


1. The generation of x rays by FSE for a 
system with a light element and a medium-to- 
heavy element has to be included in schemes 
to compute Ky factors, even for relatively 
thin samples 500-1000 R). 

2. For K,, factors determined experimental- 
ly, the composition of the standards used should 
be similar to that of the sample analyzed in 
order to minimize the effect of FSE. 

3. FSE also degrade the spatial resolution 
of x-ray microanalyses, an effect that is larger 
for thicker samples and for increasing acceler- 
ating voltages. 
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13 
Scanning Tunneling Microscopy & Related Techniques 
STM IMAGING OF BIOLOGICAL STRUCTURE: STATUS AND PROSPECTS 


Se dhs 


The Scanning Tunneling Microscope (STM), intro- 
duced by Binning and coworkers in 1980, has 
revolutionized our ability to observe and in- 
terpret the structure of extended semiconductor 
surfaces on an atomic scale.’~* More recently, 
the STM has generated considerable excitement 
as a new imaging modality for visualizing na- 
tive biological molecules on an atomic scale." 
Despite initial optimism for applying this im- 
aging technique to problems in structural biol- 
ogy, progress has been slow_and limited by . 
imperfect understanding of the imaging process. 
This paper discusses the potential of the STM 
to visualize native biological structure on an 
Angstrom scale by summarizing a recent review 
of imaging limitations associated with the poor 
electrical conductivity, and the large size of 
many biological objects.° 


The Seanning Tunneling Mteroscope 


The Scanning Tunneling Microscope (STM) pro- 
duces a three-dimensional representation of 
surface morphology by scanning a sharp, needle- 
like electrode in a raster pattern, several 
Angstroms above a conducting surface. A bias 
voltage applied between this electrode (called 
a ttp) and the surface causes a tunneling cur- 
rent to flow between them. The tunneling cur- 
rent is monitored during a scan, and a feedback 
circuit adjusts the vertical position of the 
tip to keep the current at a constant preset 
level. The tunneling probability at the sur- 
face is mapped by a plot of the position of the 
tip (X-Y) as a function of tip elevation (Z). 

A computer can be used to generate a gray-scale 
image in which tip elevation corresponds to im- 
age brightness. Suitable hidden-line and shad- 
owing algorithms can be applied to view the im- 
age, in perspective, from any angle. The re- 
sulting image corresponds to the real-space 
morphology of the surface if the tunneling prob- 
ability faithfully reflects the morphology of 
the surface. STM imaging can be performed in 
air or in liquids because tunneling electrons 
will not ionize molecules in the ambient envi- 
ronment.’ 


3 


Image Resolutton 


Atomic resolution imaging in the STM requires 
precise spatial localization of the tunneling 
current. To a first approximation, image reso- 
lution cannot be better than the size of the 
tip apex. An STM tip is usually prepared by 
grinding, by cutting, or by etching of a small- 
diameter wire of an appropriate material. Atom- 


The author is at the Department of Physics 
and Astronomy, The University of New Mexico, 
Albuquerque, NM 87131. 
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ic resolution imaging in the STM presupposes 
that a tip has at least one stable asperity at 
its apex that further restricts tunneling to a 
subnanometer region of its surface during a 
scan. When the apex of a tip attempts to fol- 
low a large change in surface morphology, the 
relative position of the tunneling asperity 
and the surface will not necessarily remain 
constant. Tunneling from a ungiuely defined 
asperity at the apex cannot be guaranteed be- 
cause it is not possible to preserve the rela- 
tive orientation of the tip apex and the sur- 
face during a scan, If two or more regions of 
the tip apex contribute to the tunneling cur- 
rent, multiple displaced images of the surface 
can be recorded in a single STM image. 

Abrupt changes in the contour of an extended 
object are difficult to record in an STM image 
because the tip has tunnel viston. In essence, 
a tip "sees" only a small, well-defined region 
of the surface which is opposite the tunneling 
region at its apex. As a tip encounters an 
abrupt change in surface elevation during a 
scan, tunneling is initiated between the tip 
apex and the closest region on the opposite 
surface. Since the tunneling current is kept 
constant by a feedback loop, the elevation of 
the tip is forced to change as the lateral dis- 
tance between the tip and the opposite surface 
decreases. As a result, a continuous movement 
of the tip toward an object in a lateral direc- 
tion can be incorrectly recorded as a continu- 
ous change in the local elevation of the ob- 
ject. If the scan speed is large, the tip may 
contact or embed itself within the object be- 
fore it moves above it. 

In general, an STM image of a large conduct- 
ing object resembles the object, but lacks the 
subtle details that define its true size and 
shape. The severity of the problem is demon- 
strated in Fig. 1, which shows an STM image of 
gold clusters deposited on a gold surface in 
high vacuum.” Although the clusters have a 
uniform diameter (‘2 nm) they do not appear 
spherical in shape as would be expected from 
thermodynamic arguments of cluster formation. 
The clusters in Fig. 1 are elongated in a ver- 
tical direction. Individual gold atoms within 
a cluster are not resolved. Both features are 
consistent with the imaging distortions dis- 
cussed above. 


Conduettvity Limitattons 


An STM image is produced when a tunneling 
current flows in an external circuit. Many 
biological sturctures of interest are much 
larger than the nominal separation of the tun- 
neling electrodes (d < 2 nm). To observe these 
structures in the STM, electrons must first 


FIG, 1.--Gold clusters deposited on gold surface imaged in STM. 


Imaged area is 44 x 44 nm. 


(Figure courtesy of R. Reifenberger, Purdue University.) 


tunnel into the biological structure, then con- 
duct through the bulk of the structure to the 
substrate below. To observe changes in the mor- 
phology of a biological structure as it is 
scanned, conduction must occur in a time short 
compared with the time required to scan the 
smallest feature to be resolved. Although ionic 
conduction in biological systems is well known, 
the conduction properties of electrons in bio- 
logical material is not well documented. At the 
present time, the only successful STM images of 
large biological objects have been taken after 
they had been coated or replicated in metal to 
circumvent the conductivity problem. 

Figure 2 shows an STM image of T7 virus par- 
ticles deposited on a gold surface.’ The virus 
particles were coated with a thin layer of 
platinum-carbon, evaporated on the surface at 
cryogenic temperatures in high vacuum. Figures 
2(b) and (c) show TEM images of the same virus 
deposited on a thin carbon film after rotary 
shadowing with tungsten. The STM image and the 
TEM images are similar in appearance, but the 
STM image lacks the fine detail of its TEM 
counterparts. For example, STM images do not 
show the tail of the virus particle, which is 
clearly delineated in TEM images. STM images 
of recA-DNA complexes resemble their counter- 
parts in the TEM, but lack expected detail on 
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an atomic scale.'°>'* At the present time TEM 


and STM images of biological objects exhibit a 
comparable resolution of %l1 nm, limited by the 
inherent imaging constraints of each technique. 


DNA Imaging 


The first successful tunneling measurements 
were made in 1961. They used a 1-2nm-thick in- 
sulator as a spacer to separate the tunneling 
electrodes.'* If an insulating molecule of 
comparable thickness fills the gap between 
the tip and the surface in an STM, tunnel- 
ing should also occur. Native DNA is a suit- 
able candidate for imaging in the STM because 
it has a nominal diameter of %2 nm. Recently, 
STM images of uncoated, double-stranded DNA 
(deposited on graphite) have been obtained in 
laboratory ambient.** A variation in the 
pitch of the helix (between 2.7 and 6.3 nm) was 
extracted from a highly processed image, and 
was interpreted in terms of surface and dehy- 
dration forces, and a possible interaction 
with ionic species. Unfortunately, STM images 
are difficult to interpret because contrast is 
generated by variations in the electron tunnel- 
ing probability at the surface. The contrast 
in an STM image actually reflects the local 
electronic density of states encountered during 


FIG, 2,.--Virus particles imaged in STM and in TEM. (a) STM image of T7 virus particles taken in 
air. Virus particles were deposited on gold surface and coated with thin, platinum-carbon film 
at cryogenic temperatures. (b)-(¢) TEM images of T7 virus particles. Virus particles were de- 
posited on thin carbon film and rotary shadowed with tungsten, 
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a scan, not necessarily the position of indi- 
vidual atoms or the real-space morphology of 
an imaged species. 


Conelustons 


The challenge of biological imaging in the 
STM is to interpret biological structure cor- 
rectly in terms of image contrast. Double- 
blind experiments may be needed to avoid manip- 
ulating images to reveal structure that only 
exists in the mind of the investigator.'* The 
problem with image interpretation is under- 
scored by field-electron emission imaging ex- 
periments in which tunneling electrons pro- 
duced "convincing" images of small organic 
molecules that actually reflected the electron- 
ic interaction of the molecules with the sur- 
face, and not their real-space morphology.?® 
As STM imaging attempts progress, and the tun- 
neling process in biological structures is bet- 
ter understood, the correlation of image con- 


trast with real-space morphology may become rou- 
tine. Progress will be marked by the use of the STM 


as a compelent to other biochemcial, biophysi- 
cal, and imaging techniques in studies of bio- 
logical importance. 
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PLATINUM THIN-FILM ROUGHNESS MEASUREMENTS BY SCANNING TUNNELING MICROSCOPY 


I. H. Musselman and P. E. Russell 


Scanning tunneling microscopy (STM) has been 
used to characterize the surface roughness of 
thin Pt films. The deposition of thin metal 
films, such as Pt, on insulating samples pro- 
vides a necessary conducting layer for elec- 
tron tunneling in order to obtain topographic 
information from these surfaces. However, 
such thin films must provide a minimal contri- 
bution to the structure of the underlying sur- 
face of interest. In addition to the use of 
thin metal films for imaging insulating sam- 
ples, the characterization of these films by 
STM can provide an understanding of the film 
deposition and growth process. This knowledge 
will in turn aid us in preparing thin films 
with small grain features suitable for coating 
specimen surfaces for scanning tunneling mi- 
croscopy and high-resolution scanning electron 
microscopy. The results of this study show 
that thin Pt films deposited on a native sili- 
con oxide have a thickness window for minimum 
surface roughness, whereas films deposited on 
atomically flat graphite crystals show no sim- 
ilar trend. 

Several groups have studied the structure 
of thin metal films by scanning tunneling mi- 
croscopy. Jaklevic et al. have imaged a vari- 
ety of insulating samples by STM after coating 
them with thin continuous gold films.’ They 
have demonstrated a lateral resolution of v10A 
without the appearance of structure contributed 
by the Au films for thicknesses ranging from 
20 to 100 A. Images of 1000R-thick gold films, 
which have been imaged in air and under parafin 
oil, show features 150 R in height and 200 & 
in width.? Garcia et al. proposed a standard~- 
ization procedure, that of "granular roughness" 
and "micro-roughness,"' for the characterization 
of surface structure in the micrometer and sub- 
micrometer ranges.* The roughness of 5008&- 
thick silver films vaporized on fire polished 
quartz’ and of microcrystalline Ag and nano- 
crystalline silicon surfaces*® have been inves- 
tigated. The surface roughness of single-layer 
and multilayer x-ray reflecting optics have 
been studied by STM.® The images obtained from 
a 1500A-thick Pt single-layer mirror, made by 
sputtering Pt onto optical glass flats, showed 
large irregularly shaped hills with lateral 
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dimensions of 100-1000 A. The images typically 
exhibited an rms roughness of 10 A. Ritter 
et al. have directly observed the nucleation 
and growth process of adsorbates on Pt (100).’ 
Homogeneous and heterogeneous nucleation were 
observed for other adsorbates. 

In the experiments described below, Pt films 
of various thicknesses were deposited on (100) 
single-crystal silicon (0.01 ohm-cm resistivi- 
ty). (Aithough Cr and Ta are believed to form 
thinner continuous films,® unlike Cr and Ta, 
Pt does not form a native surface oxide which 
would interfere with electron tunneling in 
air.) It was desirable to determine which 
thickness of Pt film contributed least to the 
surface roughness of the underlying substrate 
in order to provide guidance for the prepara- 
tion of thin Pt films on future substrates of 
this type. However, the silicon substrate 
could not be imaged by STM because of the 
presence of a native surface oxide. It was 
therefore desirable to study a second sample 
system, that of Pt deposited on highly oriented 
pyrolytic graphite (HOPG), a conducting sub- 
strate. From this sample system, it was possi- 
ble to assess the contribution of substrate 
roughness with respect to the roughness of the 
deposited Pt film. In addition, information 
could be obtained about the effect that differ- 
ent substrates, such as silicon and HOPG, have 
on film roughness. 


Experimental Seetton 


Sample Preparation. Thin platinum films 
were made by ion beam sputter deposition using 
an EM-Microsputter with B12 dual ion guns (Ton 
Tech Ltd., England). This coating technique 
has proved to produce films with fine grain 
structure.”’»?° The HOPG substrates were pre- 
pared using a simple tape-pull cleave tech- 
nique to expose a flat basal plane. The sub- 
strates, Si and HOPG, were secured on a rotat- 
ing stage such that they uniformly collected 
the sputtered platinum material without being 
directly exposed to the plasma. With the ex- 
ception of deposition time, identical condi- 
tions (6 kV ultrapure Ar beam, 0.3 mA each 
water-cooled gun, vacuum of .107~° Torr) were 
used to prepare three thicknesses of Pt films; 
two sets of three films each were prepared on 
Si substrates and one set on HOPG. The average 
mass thicknesses of the films were determined 
to be 25, 50, and 100 & by use of an Edwards 
FTMS Digital Film Thickness Monitor based on a 
quartz crystal microbalance. 


STM Analysis. All images were acquired in 
air with a Nanoscope 1 (Digital Instruments, 
Inc.) scanning tunneling microscope with a 


long-range piezoelectric tube scanner (X = 300 
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R/v, Y = 270 R/v, Z = 100 R/V). This system 
was modified to include digital scanning and 
data acquisition by use of an 80386-based PC/ 
AT computer. Platinum/iridium tips fabricated 
by simple cutting were used for imaging. 

The images were acquired in the constant- 
current mode at a 2 nA set current with the 
sample biased positively 20 mV with respect to 
the tip. Two different areas of 25 and 50k- 
thick film, as well as the HOPG substrate and 
three different areas of 100A-thick film were 
examined, The 25& Pt film deposited on Si in 
the second sample set was believed to be dis- 
continuous as it was difficult to maintain a 
constant tunneling current. In addition, 
electron tunneling on the silicon substrate 
was prohibitive because of the presence of a 
thick surface oxide layer. Therefore, images 
were not acquired from either of these samples. 

For each sample area, a large image (1.6 x 
2.0 um) was initially obtained in order to 
choose a 2000 x 2000 region free from partic- 
ulate debris from which to obtain the remain- 
der of the images. Within the chosen 2000 x 
2000R region, one 2000 x 2000 image (101 x 
101 points collected in 20R steps) and four 500 
x 500A images (101 x 101 points collected in 
SA steps) were acquired after which the 2000 x 
2000A image was reacquired. Images were ob- 
tained twice to insure reproducibility. All to- 
tal, four 2000 x 2000A and eight 500 x 500K 
images were acquired from each area of each 
sample. 


Data Reduction, The surface roughness Ra 
was computed for each image. Average rough- 
ness is defined as the average of the absolute 
value of the difference between the height of 
z-position of each experimental data point and 
the height of the corresponding point deter- 
mined by fitting a least-squares plane to 1/10 
of the data points in the image. A fit to the 
entire data set did not significantly alter 
the resulting Ra value. 


Results 


Image Appearance. The appearances of the 
images acquired from the Pt thin films are 
summarized below. For both the 25 and 50A 
films on Si, the majority of the features ob- 
served were approximately 30-250 A in diameter 
and ranging from 5 to 25 A in height. Images 
acquired from the 100A Pt film on Si showed 
some features similar to those observed in the 
images acquired from the 25 and 50A films. In 
addition, areas of larger agglomerates, ~200 
to 500 A in diameter and up to 80 A in height, 
with considerable surface structure were ob- 
served. 

Images acquired from the HOPG substrate 
were very smooth, The imaging conditions used 
in this study to collect data for roughness 
measurements (25 steps between data points 
and relatively low gain on the feedback loop) 
precluded the obtaining of atomic resolution. 
However, an image of freshly cleaved HOPG, ob- 
tained with a different STM in our laboratory, 
is shown in Fig. 1, clearly indicating an atom- 
ically smooth structure. A much finer surface 


was observed for the 25 and 50A Pt films depos- 
ited on HOPG as compared with those deposited 
on Si. The lateral dimensions of the features 
were <100 R and typically <20 R high. As with 
the 100 Pt film on Si, larger agglomerates, 
9200 to 250 R in diameter, were observed for 
the 100A Pt film deposited on HOPG. However, 
the vertical dimensions of these features were 
still less than 20 A. Examples of images ob- 
tained from the 50R Pt films deposited on Si 
and HOPG are illustrated in Fig. 2. 


Intrasample Vartatton tn Roughness, Intra- 
sample variation in surface roughness refers 
to observations made among different imaged 
areas Of a given sample. The values of average 
surface roughness Rg computed separately for 
the images acquired from each sample area are 
summarized in Table 1. From these data, intra- 
sample variation in surface roughness was as- 
sessed by applying the Student t-test at the 
95% confidence level. Comparisons were made 
for both image dimensions, i.e., 2000 x 2000 
and 500 x 500 A. For each of the three Pt film 
thicknesses deposited on Si in the first sample 
set (Table la), the Student t-test was able 
to distinguish among the average surface 
roughness of the different areas measured, In- 
tuitively, this difference appears to be sig- 
nificant only for the 100A Pt film where the 
largest difference in surface roughness between 
area 1 and area 3 may actually represent that 
contributed by an additional twoto three atoms 
in the vertical dimension. The apparent dif- 
ferences observed for the 25 and 50A films 
represent less than one and approximately one 
atom, respectively. For the second set of Pt 
films deposited on Si (Table 1b), the average 
surface roughness calculated from the images 
acquired from two areas of the 50K Pt film 
were not differentiated at the 95% confidence 
level. For the 100A Pt film, however, area 1 
was distinguished from areas 2 and 3 by a dif- 
ference of 4 to 6 & in the vertical dimension, 
representing approximately two atomic layers. 
According to the Student t-test, the areas 
sampled within each thickness of Pt film de- 
posited on HOPG could not, in general, be dif- 
ferentiated (Table 1c). Any observed differ- 
ences in roughness, as for example in the 500 x 
5008 images for the 25& Pt film and the 2000 x 
2000R images for the 100 Pt film, are not 
meaningful as they represent that contributed 
by less than one atom. 


Sample-to-sample Vartatton tn Roughness. 
Although the roughness values are comparable 
for some areas of different samples as observed 
in the first sample set (Table la), e.g., sam- 
ple 1 area 1, sample 2 area 2, and sample 3 
area 3, a measure of sample-to-sample variation 
in surface roughness can be obtained by averag- 
ing the roughness values for the areas of each 
sample. The overall average roughnesses of the 
samples in each set, presented in Table 2, were 
compared using the Student t-test at the 95% 
confidence level. With the exception of the 
2000 x 2000K images for the 25 and 100A Pt 
films in the first sample set, the results in- 
dicate that the surface roughness computed for 
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FIG. 1.--STM image (45 x 49 A) of freshly cleaved highly oriented pyrolytic graphite (HOPG) 
showing atomically smooth structure. (Courtesy of David Grigg, Precision Engineering Center, 
North Carolina State University.) 

FIG, 2.--(a) STM image (2000 x 2000 A) acquired from 50K Pt film deposited on silicon substrate. 
(b) STM image (2000 x 2000 &) acquired from 50K Pt film deposited on highly oriented pyrolytic 


graphite (HOPG) substrate. 


sor 


TABLE 1.--Average surface roughness (A). (a) Pt 
Si, second sample set; (c) Pt films on HOPG, 


films on Si, first sample set; (b) Pt films on 


a b c 
Sample image Size N° Ra Sample image Size N‘ Ra Sample Image Size N* Ra 
#1, 25APt ..  #1,25APt — Constant tunneling current could not be —«- #1, Substrate i 
area 1 2000 X 2000 4 54 + 04 maintained Images were not acquired area 1 2000 X 2000 4 06 +01 
500 X 500 8 39 +403 500 X 500 8 08 +02 
area 2 2000 X 2000 4 69 +05 #2, 50 APt area 2 2000 X 2000 4 08 402 
500 X 500 8 67 +07 area 1 2000 X 2000 4 57 + 20° 500 X 500 8 06 +01 
500 X 500 8 35 +06 
#2, 50 APt area 2 2000X 20004 50 +412 #2,25APt 
area 1 2000 X 2000 4 2.2 £03 500 X 500 8 35 +07 area 1 2000 X 2000 4 26 +01 
500 X 500 8 22 +04 500 X 500 8 23 £01 
area 2 2000 X 2000 4 §5 +05 #3, 100A Pt area 2 2000 X 2000 4 23 +06 
500 X 500 8 44 +02 area 1 2000 X 2000 4 108 +17 500 X 500 8 18 +01 
§00 X 500 8 108 +14 
#3, 100A Pt area 2 2000 X 2000 4 58 +14  #3,50APt 
area 1 2000 X 2000 4 114422 500 X 500 8 56 +08 area 1 2000 X 2000 4 24 +07 
500 X 500 8 136 + 63 500 X 500 8 17 +01 
area 3 2000 X 2000 4 68 +14 
area 2 2000 X 2000 4 81 +10 500 X 500 8 49 404 area 2 2000 X 2000 4 33 +02 
500 X 500 8 70 +171 500 X 500 8 29 +02 
re 
area 3 2000X 20004 54 +03 a Humber ol Mmeasikonte ys 
500 X 500 8 40 +04 se] #4, 100 APt 
area 1 2000 X 2000 4 23 402 
* N = number of measurements 500 X 500 8 26 +05 
is area 2 2000 X 2000 4 28 +03 
500 X 500 8 23 +402 
area 3 2000 X 2000 4 20 +02 
500 X 500 8 21 +07 


the Pt films deposited on Si, are significant- 
ly different as a function of film thickness. 
For both sets of Pt films deposited on Si, the 
average surface roughness was least for the 
SOR film with increasing roughness for the 25K 
film and a larger increase in roughness for the 
100K Pt film. The Pt films of all thicknesses 
deposited on highly oriented pyrolytic graphite 
were significantly rougher than the substrate 
(Table 2). However, no sample-to-sample varia- 
tion in surface roughness was observed for the 
25, 50, and 100A Pt films on HOPG. 

From these results, it is clear that the 
50 Pt film, as measured by the quartz thick- 
ness monitor, deposited on Si, exhibits less 
roughness than the 25 and 100A Pt films. 
Therefore, for the deposition of Pt on this 
particular substrate, there is a window of film 
thickness over which the films are smoothest. 
In addition, sample-to-sample variation in sur- 
face roughness as a function of Pt film thick- 
ness is observed only for the Si substrate. 

The surface roughness measured for various Pt 
films deposited on HOPG are indistingushable. 
Since identical experimental conditions were 
used to deposit the Pt films on both sub- 
strates, the above results suggest that the 
substrate has contributed significantly to the 
quality of the deposited thin film. Notably, 
the two substrates used in this study are con- 
siderably different. The silicon surface oxide 
is an insulating amorphous film, whereas highly 
oriented pyrolytic graphite is a single-crystal 
conductor. 

The differences in sample-to-sample varia- 
tion of Pt film roughness observed for the two 
substrates can be discussed in terms of a nu- 
cleation and growth model described by Peters.° 
The first phase of film growth, known as "step 


* N= number of measurements 
“4a 


TABLE 2.--Average surface roughness of Pt films 


(A). 


Sample Image Size N’ Re 

Silicon substrate, first sample set 

#1,25APt 2000 X 2000 8 62 +09" 
500 X 500 16 §3 +16 

#2, 50 AF 2000 X 2000 8 39 +18 
500 X 500 16 33 +412 

#3,100A Pt 2000 X 2000 12 83 +29 
500 X 500 24 82 +54 


Silicon substrate, second sample set 


#1,25APt Constant tunneling current could not be 
maintained. Images were not acquired 
#2,50APt 2000 X 2000 8 53 +16 
500 X 500 46 35 +06 
#3,100A Pt 2000 X 2000 12 78 +26 
500 X 500 24 71 +29 
HOPG substrate 
#1, substrate 2000 X 2000 8 0.7 +02 
500 X 500 16 07 +02 
#2,25APt 2000 X 2000 8 25 +05 
500 X 500 16 20 +03 
#3,50APt 2000 X 2000 8 28 +07 
500 X 500 16 23 +06 
#4,100A Pt 2000 X 2000 12 24 404 
500 X 500 24 23 +05 


*N = number of measurements 


decoration,'' is characterized by metal atom or 
cluster nucleation at nucleation sites on the 
substrate surface. In the second phase, known 
as "particle decoration," metal atoms add to 
existing nuclei contributing to aggregate 
growth. Eventually these aggregates coalesce 
to produce a continuous film. 

The number, location, and size of these 
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nucleation sites, and the recognition of these 
sites by other atoms, are a function of the sub- 
strate and deposited metal. Metals tend to ac- 
cumulate at sites of high binding energy but 
low surface energy. On crystalline materials, 
these sites correspond to lattice steps whereas 
for amorphous materials they correspond to ele- 
vated fine structures or particles. In the 
deposition of Au on NaCl, Bassett observed that 
nuclei form in large numbers along steps.?? 
However, for parts of the crystal free from 
steps, the nuclei were randomly dispersed. 
Perhaps the observed differences in the 

roughness of Pt films on silicon and HOPG sub- 
strates can be attributed to a difference in 
the distribution of these nucleation sites. 

For image acquisition from Pt films on HOPG sub- 
strates, sample areas free from atomic steps 
were deliberately chosen. Therefore, it is 
likely that random nucleation is occurring lead- 
ing to the formation of smooth, uniform Pt 
films which exhibit neither intrasample nor 
sample-to-sample variation in roughness over a 
range of film thicknesses, At the other ex- 
treme, intrasample and sample-to-sample varia- 
tions in roughness, which were observed for Pt 
film deposition on silicon substrates, can be 
accounted for by the uncontrolled nucleation 
site distribution on the native silicon oxide. 


Conelustons 


Scanning tunneling microscopy has been used 
to study the roughness of thin platinum films 
of varying thicknesses deposited on two differ- 
ent substrates, silicon and highly oriented py- 
rolytic graphite. For deposition on silicon 
(bearing a native oxide), a narrow thickness 
window exists for the formation of a smooth, 
continuous film. Within the range of experimen- 
tal film thicknesses (25 to 100 A), this window 
was not present for the HOPG substrate. These 
differences are attributed to the nucleation and 
growth differences induced by substrate struc- 
ture. 

In addition to coating insulating samples for 
STM imaging, thin metal films are often used to 
coat samples for scanning electron microscopy in 
order to enhance the contrast of individual sur- 
face features and to provide electrical conduc- 
tivity for nonconducting samples. Scanning tun- 
neling microscopy, with its high lateral and 
vertical resolution, provides new technology 
that will be instrumental in understanding the 
nucleation and growth of ultrathin films to be 
used for coating specimens for high-resolution 
scanning electron microscopy and scanning tun- 
neling microscopy. 
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MICRO AND NANOFABRICATION WITH A COMBINED FOCUSED ION BEAM/SCANNING TUNNELING MICROSCOPE 


J. G. Pellerin, G. M. Shedd, D. P. Griffis, and P, E. Russell 


The focused ion beam (FIB) has exhibited uncom- 
mon versatility as a tool for microfabrication. 
Its small beam diameter enables the FIB to per- 
form micron-scale modifications (e.g., implant 
ions or remove material) without the need for a 
mask to protect adjacent regions. The inherent 
microscopic capability of the FIB can be used 
to advantage for locating features of interest 
or to provide in situ visual feedback during 
microfabrication. The scanning tunneling mi- 
croscope (STM) is known primarily for its atom- 
ic resolution images of surfaces, but it is at- 
tracting increasing attention as a possible 
tool for nanofabrication. We have combined 

FIB and STM in a system that will allow us to 
induce surface modifications ranging in size 
from nanometers to micrometers, and permits us 
to image regions of from square nanometers to 
square micrometers. 


Baekground 


FIB Mtcromachintng. Many potential applica- 
tions of the FIB have been demonstrated, in- 
cluding direct-write lithography’ and ion im- 
plantation,? surface chemical analysis tech- 
nigues,* source metal droplet deposition,’ and 
submicron-resolution material removal ("micro- 
machining").° All these uses take advantage of 
high spatial resolution and high current densi- 
ty of the focused ion beam, 

Possibly the most highly developed of these 
applications is micromachining. Micromachining 
is accomplished by scanning the FIB in a pat- 
tern that traces out the desired feature shape. 
The FIB mills away material at removal rates of 
from 1 to 10 sputtered atoms per incident ion. 

Semiconductor micro- and opto-electronic de- 
vice developers have used FIB micromachining to 
make features such as 3-D interconnections, 
wave guides, laser facets, and mirrors.® Typi- 
cally, semiconductor laser features are made by 
anisotropic wet chemical etching or cleaving 
techniques. Efforts to integrate optoelectron- 
ic devices directly into VLSI circuitry may use 
the FIB because it can address specific loca- 
tions where laser components are to be machined 
without affecting the entire wafer. 

Before focused-ion-beam micromachining (FIB) 
can be widely used as a precision fabrication 
tool, the interaction of the ion beam with the 
substrate must be understood and controllable. 


The authors are at the Precision Engineering 
Center, North Carolina State University, Ral- 
eigh, NC 27695, except author Griffis, who is 
at the NCSU Analytical Instrumentation Facil- 
ity. Support from ONR (contract N00014-86-K- 
0681) and NSF (grant DMR-8657813) is grateful- 
ly acknowledged, 


540 


Machining conditions should be selected to 
take advantage of the high material removal 
rate while maintaining the desired feature 
profile (i.e., minimizing or controlling re- 
deposition of sputtered material). 

At present, information on redeposition dur- 
ing micromachining is derived from cross-sec- 
tional SEM of features that have been cleaved. 
STM could provide detailed cross-sectional pro- 
files without the need for cleaving through 
small micromachined features (a difficult 
task). However, it is difficult to locate a 
micron-sized feature with an STM. By combin- 
ing the FIB and STM in a single system, it be- 
comes possible either to create the features 
to be measured close to the STM tip, or to use 
the FIB imaging capability to guide the STM 
to the features. 


STM Nanofabrication, At an even smaller 
scale, STM can be used to produce nanometer- 
scale modifications. The same current-local- 
ization phenomena that allow the STM to image 
with atomic resolution also permit it to func- 
tion as a high-spatial-resolution probe, capa- 
ble of influencing a very localized region on 
a surface, Many fabrication techniques nor- 
mally associated with lens-focused electron 
beams can be performed with the STM (e.g., re- 
sist exposure and beam-induced deposition).’*° 
However, since the tunneling electrons possess 
very low energies (<50 eV), beam damage and 
proximity effects are effectively eliminated. 

STM has exhibited the ability to induce 
modifications down to the level of individual 
atoms ,° provoking thoughts of genetic surgery, 
quantum-electronic devices built from individ- 
ual atoms, or data storage measured in terra- 
bytes/cm?. If these ideas (and others) are to 
be realized, however, the control and use of 
STM as a tool must be more clearly understood 
than is presently the case, 

We plan to study the use of STM for nano- 
manipulation-~to investigate the influence 
that the STM might exert over nanometer-scale 
atom clusters. One of our motivations for in- 
terfacing STM with a FIB is that in addition 
to operating as a microscope, the FIB can be 
used as a source of atom clusters and droplets 
of liquid metal.* The electrostatic lenses 
and scanners of the FIB column can be used to 
focus and deflect the charged clusters and 
droplets, permitting control of their place- 
ment and coverage density on a substrate. 

By combining the FIB and STM in a single 
system we should increase the time efficiency 
of experiments involving each instrument. The 
effects of variations in FIB micromachining 
parameters (e.g., dwell time, current density, 
beam species) will be studied by in situ STM 
imaging, and STM nanomanipulation experiments 


will be expedited by use of the RIB as a source 
of nanometer-sized particles. 


Equtpment 


FIB. The FIB column incorporates a liquid 
metal ion source (LMIS) and an electrostatic 
optical column. The ions are accelerated to an 
energy between 0 and 25 keV and focused by a 
single electrostatic lens. To operate at accel- 
erating voltages below 5 kV, an additional ex- 
ternal high voltage power supply is necessary 
to supply the negative voltages required for 
beam focusing. 

The column is also fitted with a stigmator 
for beam correction, blanking plates, and an 
octupole assembly for applying beam position 
offsets and rastering signals. At 25keV accel- 
erating voltage and 50mm working distance, a 
0.2um-diameter beam having a current density of 
0.7 A/cm? is attainable. For a 5keV beam at 
50mm working distance, the beam diameter in- 
creases to 0.75 um and current density is re- 
duced to 10.04 A/cm?. 


Computer Interface. A Macintosh II computer 
is used to control scanning and blanking of the 
ion beam and to acquire beam current and secon- 
dary electron signals. The input and output 
hardware to accomplish these tasks is provided 
by a commercially available data-acquisition 
board. Two 16-bit D/A converters (100 kHz) 
send the position offset and scan signal output 
voltages to the octupole/stigmator deflection 
controller (OSDC), which generates the 8 octu-~ 
pole beam scanning signals. The software-lim- 
ited (Z Basic) maximum frame rate is 1 second 
per 256 x 256 pixels image. Initial beam fo- 
cusing is done with 128 x 128 pixels images at 
a 4Hz frame rate. Beam blanking is a +5V TTL 
signal from the computer to the blanking circuit 
in the OSDC, which in turn applies a 150V poten- 
tial across two parallel blanking plates in the 
FIB column. 

Beam current, absorbed current, and secondary 
electron signals are acquired by a 12-bit A/D 
converter having a 142kHZ maximum sampling rate. 
This signal is used to generate images and can 
be plotted versus scan distance across an aper- 
ture to measure beam diameter. 


UHV System. The FIB column is mounted to a 
UHV system that includes the FIB chamber, a sam- 
ple introduction chamber, and a third chamber 
for STM. To reduce vibrations that would inter- 
fere with high resolution FIB machining and FIB 
or STM imaging, the entire vacuum system is 
rigidly mounted to a vibration isolation table. 

The FIB chamber houses the ion gun, an X-Y-Z 
specimen stage, an ionization pressure gauge, 

a residual gas analyzer, and a microchannel 
plate secondary electron detector. The manipu- 
lation stage allows sample movement of 1 cm with 
20um resolution in the x, y, and z directions. 
Electrical feedthroughs are included in the 
stage for beam current and diameter measure- 
ments, and for providing electrical connections 
to the STM. The FIB chamber is connected to a 
high-voltage ion pump through an isolation gate 
valve. 


The STM chamber is equipped with an ioniza- 
tion gauge and various electrical feedthroughs 
for the development of UHV STMs. This chamber 
includes its own sample introduction system, 
and a wobble-stick manipulator for STM place- 
ment and tip exchange. 


STM. The STM has been designed around the 
concept of the STM/FIB interface shown schemat- 
ically in Fig. l(a). The most apparent feature 
of this interface is the high degree of co- 
linearity of the ion beam and tip axes, 
achieved by shooting the FIB down the center of 
the STM tube scanner. This configuration is 
optimal for STM imaging of FIB-produced parti- 
cles and micromachined features, and for com- 
bined FIB/STM imaging. 

The "walking'' STM is a variation on tube-in- 
tube designs that have appeared in the litera- 
ture.?°21} Two piezoelectric tubes of differ- 
ent diameters are attached concentrically to a 
rigid flange. The inner tube, to which the tip 
is mounted, operates as a conventional STM 
tube scanner, scanning the tip parallel to the 
sample surface (X-Y plane) while moving the tip 
perpendicular to the surface (Z) to maintain a 
constant tip-to-sample separation. The remov- 
able tip-holder is a plug-shaped piece of insu- 
lator that fits inside the inner STM tube, 
where it rests on the washer-shaped silicon 
disk that covers the bottom of the tube. A hole 
drilled through the tip holder (at a 15° angle 
to the central axis) contains a metal sleeve 
into which the shank of an STM tip can be 
placed. The STM tip protrudes beyond the end 
of the scanning tube, through the hole in the 
center of the silicon disk. A hole bored down 
through the center of the tip holder gives the 
FIB access to the sample and tip. 

The outer tube is used for x, y, and z off- 
sets, and the entire double-tube assembly is 
supported on three spherical feet mounted to 
its bottom rim. This configuration allows the 
STM to "walk" by stick-slip motion. If the 
outer tube is bent slowly to one side, then 
straightened almost instantaneously, the feet 
slip relative to their three contact points. 
This sequence produces a submicron step which 
is repeated to produce macroscopic motion in 
the X and Y directions. 

By placing the sample on a wedge-shaped sam- 
ple holder beneath the tip, transverse STM mo- 
tion toward the uphill part of the wedge re- 
duces the tip-to-sample separation distance. 
Motion across the wedge's slope (in the x di- 
rection) does not change the z height macro- 
scopically, so that coarse x motion is possible 
without moving of the tip out of the z piezo 
offset range. The ability of the STM to "walk" 
increases the area on the sample accessible for 
imaging without requiring complicated mechani- 
cal design. A prototype of this design has 
successfully approached and imaged (in air) Au 
on Si, an optical grating, and the highly- 
oriented pyrolytic graphite lattice shown in 
Fig. 2. 

The STM is designed to sit on top of the 
standard lin.-diameter sample holders used 
with the three-axis sample-positioning stage in 
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FIG, 1.--(a) Schematic view of STM situated under FIB. STM "walks" by stick-slip motion toward 
inclined sample to bring tip within range of piezoelectric motion. FIB passes down center of STM 
tube and tip holder to image tip or to create features to be imaged. (b) Closeup showing feet 
attached to rim of outer tube. Reflection of tip is seen on sample and on Si wafer used for 
smooth "walking" surface. 

FIG, 2.--Graphite lattice imaged with prototype of “walking'! STM, 

FIG, 3.--Cross-section SEM view of 4 x 10 x 3.5um rectangular well cut into (100) Si during 
15min scan of 25keV, 480pA Gat beam. 

FIG, 4.--(a) Well cut in GaAs with 25keV, 490pA Gat beam. Dwell time per pixel, 31 us; pattern 
was repeated 311 times. (b) Same conditions as in 4(a) except dwell time increased to 9.63 
ms/pixel and entire frame scanned only once. 
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the FIB compartment. Transport of the sample 
holder and STM into the vacuum will be done 
with the magnetically coupled translator, 
through the FIB's sample introduction port. 
Electrical signals will pass to the STM through 
contacts that will be made when the sample 
holder is lowered into the securing socket on 
the stage. 


EXPERIMENTAL 


FIB Micromachining. To establish the optimal 
conditions for FIB micromachining, a multipara- 
metric study is being conducted. Beam parame- 
ters being examined are beam energy, current, 
dwell time, and ion species (Ga and Au). Sub- 
strate parameters are type of material (Si, 
GaAs, InP, and Au) and, in the case of Si, crys- 
tallographic orientation ((100) and (111)). A 
4 x 10um rectangular well is used as the test 
feature. 

Maximum sputter yields for the various ion/ 
substrate combinations are determined by machin- 
ing features using short dwell times and low- 
beam currents to minimize redeposition. The 
features are then cleaved and the cross section 
is viewed by SEM to determine the depth of the 
feature. The sputter yield is found by the num- 
ber of ions that impinged during the experiment. 

Figure 3 illustrates a cross section of a 
4 x 10 x 3.5um rectangular well cut into (100) 
Si during a 15-min scan of a 25keV, 480pA Gat 
beam. Solving for sputter yield gives a value 
of 2.8 atoms/incident ion. A 4 x 10 x 5.8um 
rectangular well cut into GaAs with the same 
beam conditions during a 7-min experiment re- 
sulted in a sputter yield of 4 atoms/incident 
ion. 

As stated, the FIB is capable of producing 
very high current densities focused into a sub- 
micron beam that permits high-resolution, high- 
sputter rate milling. However, in actuality, 
material removal is accompanied by redeposition 
of sputtered atoms. Redeposition depends on 
such parameters as beam dwell time and the as- 
pect ratio of the machined features. 

For a given total machining time, the dwell 
time/point is determined by the number of times 
that the beam is scanned over the feature. For 
multiple fast raster scans the number of rede- 
posited atoms is less for each scan and they can 
be removed with subsequent scans. Figure 4(a) 
shows a feature cut in GaAs with a 25keV, 490pA 
Gat beam for a total machining time of 7 min. 
The dwell time at each point in the raster pat- 
tern was 0.031 ms and the pattern was repeated 
311 times. For a single slow raster to machine 
a feature, the beam leaves behind a large nun- 
ber of redeposited atoms that result in a poorly 
defined feature. The feature in Fig. 4(b) was 
cut with the same parameters as in Fig. 4(a) ex- 
cept that the dwell time was increased to 9.63 
ms/point and the entire frame was scanned only 
once. The effect of dwell time on the redeposi- 
tion process is obvious and may greatly influ- 
ence the functionality of FIB-machined compo- 
nents. 

The maximum depth to which a feature may be 


machined can be described by a simple cosine 
distribution of the sputtered atoms. When the 
feature becomes sufficiently deep so that 
sputtered atoms cannot escape without striking 
the sidewalls, appreciable redeposition will 
occur. 

Compositional changes of the substrate are 
also of importance when FIB micromachining is 
used for opto- and micro-electronic device 
fabrication. The incorporation of metal ions 
from the FIB into the lattice may induce 
changes in the optical and electronic charac- 
teristics of the material. The interaction 
of the Gat beam with GaAs and InP substrates 
has produced interesting artifacts. Figure 4 
shows the presence of gallium droplets asso- 
ciated with craters machined in GaAs. Similar- 
ly, the formation of an indium crystal at the 
edge of FIB-machined craters in InP has been 
observed. It is possible that these artifacts 
are caused by supersaturation of the compound 
semiconductor lattice with gallium, or by 
preferential sputtering of the As and P (in 
GaAs and InP, respectively). 


STM Nanomantpulatton. Most of the experi- 
mental work associated with the STM nanomanipu- 
lation project thus far has involved the test- 
ing of the STM design prototype. Measurements 
with a capacitance gauge and laser interferom- 
eter have shown that the STM can "walk" milli- 
meter distances without straying more than 1 
um to either side of the desired path. Step 
size can vary from tens of nanometers to tenths 
of micrometers, depending on the magnitude of 
the applied voltage step and on the frictional 
properties of the walking surface. Use of the 
FIB to provide visual feedback of the tip posi- 
tion will make it possible to move the STM 
from feature to feature. 

Gold and graphite were imaged to confirm 
the STM's imaging capability. , Images of the 
1.6um-period optical disk were used to measure 
the maximum field of view of the STM scanner. 
When a scan signal of 260 V was applied to the 
inner tube, the STM tip traversed a distance of 
v4.1 um, sufficient for measuring micromachined 
features. We have also been able to use the 
outer tube as the Z position transducer when the 
topography was too rough for the inner tube to 
accommodate. The STM has thus exhibited the 
ability to cover a fairly large range of imag- 
ing applications in air, and its adaptation for 
UHV operation is currently under way. 

Other preparatory experiments have involved 
depositing atom clusters onto graphite sub- 
strates with the FIB. Thus far we have deposi- 
ted Ga droplets and succeeded in imaging them 
with SEM and STM (outside the vacuum chamber). 
Observed droplet sizes range from tens of 
nanometers to several micrometers. 


Coneluston. 


Combining FIB and STM in a single system 
presents many interesting possibilities for ex- 
periments. The capabilities of the FIB and STM 
are complementary, and each instrument stands 
to gain from its proximity to the other. 
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THE NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY MOLECULAR MEASURING MACHINE: 
A LONG-RANGE SCANNING TUNNELING MICROSCOPE FOR DIMENSIONAL METROLOGY 


E. Clayton 


We have embarked on what we view as a high- 
risk project to build an ultrahigh-accuracy 
planar coordinate measuring machine; one that 
is capable of positioning and measuring to 
atomic scale accuracies over an area of 25 cm’, 
The design goal is to obtain a point-to-point 
spatial resolution of 0.1 nm of the distance 
between any two points within a 50 mm x 50 mm 
x 100 um volume, with a net uncertainty for 
point-to-point measurements of 1.0 nm. Maxi- 
mum specimen size will be 50 mm x 50 mm x 12 
mm. 

Three operating modes are planned: large- 
scale mapping at low resolutions of 1 to 10 um 
over areas of 1 to 100 mm?; small-scale map- 
ping at resolutions up to 0.1 nm over areas of 
0.01 to 1 um?; and point-to-point measurements 
of the distance between two points in one im- 
age or between points selected from two macro- 
scopically separated small scale images. In- 
age acquisition size is planned as 1000 x 1000 
pixels to be obtained at rates corresponding 
to probe-specimen speeds up to 1 mm/s. Probes 
for low-resolution mapping will be confocal 
optical microscopy or thermal microscopy;* for 
high-resolution mapping, probes will be scan- 
ning tunneling or atomic-force microscopy. 

These capabilities will in turn enable di- 
mensions of features, angles, straightness, 
and other geometrical propeties of molecular- 
sized or larger objects to be measured with 
very high accuracies. The project, which we 
call the Molecular Measuring Machine (M*) Proj- 
ect, was started about two years ago to ad~- 
dress current and anticipated dimensional me- 
trology needs of the large and rapidly growing 
fields of nanotechnology. 


Destgn Coneepts 


Several heuristic design concepts have come 


The author is at the National Institute of 
Standards and Technology, Gaithersburg, MD 
20899, The current state of development of 
the Molecular Measuring Machine is the result 
of major contributions from his colleagues at 
NIST, Fredric Scire, David Gilsinn, William 
Penzes, Chris Evans, Robert Polvani, Edward 
Amatucci, Thomas Wheatley, William Ruff, Brian 
Scace, Tyler Estler, and Arie Hartman; Robert 
Hocken (now at University of North Carolina at 
Charlotte); from colleagues visiting NIST as 
Guest Scientists: Hans Hansen (LLNL), Miguel 
Huerta Garnica (CINESTAV-IPN, Mexico), Boyin Lu 
and Yanshen Xu (Tianjin University, PRC), Xian- 
Zhang Hu (Tsinghua University, PRC); and fruit- 
full collaboration with Richard Rhorer and his 
group at LANL, Alex Slocum at MIT; and Zygo 
Corp. and GCA Corp. under NIST Industrial Re- 
search Associateships. 


‘ bility, and wear experiments. 
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Teague 


to be widely accepted in the precision engi- 
neering community* that we have attempted to 
incorporate into the design and construction 
of M>: 


Repeatability 

Environmental isolation 

Kinematic mounting 

Alignment (Abbe) 
principle 

Metrology frame 

Materials selection 


Stiff structural loop 
Kinematic drives 
Probe knowledge 

Energy flow analysis 


Error budget 
Symmetry 


The basic design is to incorporate a tunneling 
or atomic-force probe into a highly stable me- 
chanical structure with provisions for scan- 
ning the probe relative to the specimen in a 
rastered path. We are not under any illusions 
that the machine will have motions perfect to 
within or less than the 0.1lnm design goal res- 
olution. However, every aspect of the machine 
and system design has been directed at achiev- 
ing a repeatability at or below this value by 
use of a stiff mechanical structure within an 
envelope of environmental isolation that pro- 
vides a stable thermal and mechanical environ- 
ment for the core structure. If a repeatabil- 
ity at this level can be achieved, then pitch, 
roll, yaw, and straightness motion errors of 
the moving machine elements will be measured 
and built into the control algorithms to cor- 
rect for the motion errors. 


Mechanical Design 


A spherical core structure (Fig. 1) was 
chosen for its high mechanical stiffness and 
ease of temperature control.* Even with a 
35cm-diameter hollowed structure of OFHC cop- 
per, the first resonance is at about 2000 Hz. 
OFHC copper was chosen for the core structure 
material because of its combined reasonable 
specific stiffness, damping coefficient and 
excellent thermal properties. Long-range mo- 
tion of the probe relative to the specimen is 
obtained by mounting of the probe assembly and 
the specimen on separate carriages, which move 
on crossed linear slideways that are monolith- 
ically part of the core mechanical structure. 
Finite-element analyses® show that static de- 
formations of both the upper and lower slide- 
ways due to gravitational loading are less 
than 1 nm. Probe and specimen carriages are 
kinematically supported on the slideways with 
five pads. The materials for the pads and 
tribological interface at the slideway surface 
have not been chosen at this time. We are 
still conducting material stability, machina- 
Motions greater 
than about 5 um will be generated by piexo- 
electric stepping motors for both carriages. 
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FIG. 1.--Model of NIST M° core structure. 
35 cm in diameter. 


Actual 


Motions smaller than about 5 um will be gene- 
rated in secondary carriages supported by and 
driven relative to the primary carriages by 
piezoelectric stacks. 

The core structure will be operated in a 
chamber that can be evacuated to pressures as 
low as 107° Pa or backfilled with a gas of 
highly controlled composition (Fig. 2). The 
cross section of the environmental isolation 
system (Fig. 2) shows the temperature control 
shell and two stages of vibration and acousti- 
cal isolation for the core structure. [Locating 
the critical measuring volume of the core 
structure at the center of mass of the vibra- 
tionally supported components minimizes any 
cross coupling between translational and rota- 
tional excitations. 

To protect the critical mechanical surfaces 
of the machine and to provide a clean environ- 
ment for specimen loading, the machine is being 
built into a Class 10 clean area. As a final 
effort to provide a quiet and minimum vibration 
environment, the clean area is located inside 
a solid concrete block enclosed room in a base- 
ment laboratory. 
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size of the spherical structure in machine is 


Metrology System 


Relative motion between the probe and speci- 
men will be measured with an ultrahigh resolu- 
tion heterodyne interferometer with a least 
count of about 0.075 nm. The interferometer is 
a four-pass design which gives a A/8 displace- 
ment resolution. At the helium-neon laser 
wavelength, the additional subdivision by 1000 
to obtain the desired resolution will be ob- 
tained electronically. The major barrier to 
achieving this resolution is the mixing of po- 
larization states in the laser and in the in- 
terferometer optics. Careful generation of the 
two polarization states and characterization of 
the polarization properties of the interferome- 
ter optics should permit the required degree of 
interpolation. Remnant nonlinearities between 
measured phase shift and optical path differ- 
ence in the interferometer should then be re- 
peatable and thus correctable. 

The datum for displacement measurements and 
its integration with the interferometers for 
the two major axes is shown in Fig. 3. The in- 
side differential interferometer configuration 
combined with the metrology box enables mea- 
surements of probe position relative to a spec- 
imen mounted on the metrology box independent 
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of other spurious drift or strain generated mo- 
tions of the core structure or any other part 
of the machine. Such a design for the datum al- 
so provides a metrology frame which is physical- 
ly comparable to the specimen size, i.e., one 
that approaches a minimum size. 


Status 


Currently, many major components of M? and 
its support facility have either been procured 
or built in-house. An initial assembly of the 
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overall system should be 
possible in late 1989 or 
early 1990. We then ex- 
pect a 12- to 18-month 
shakedown to bring it to 
an operational state 
near the design goals. 
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obtaining higher counting rates, but not neces- 
sarily higher peak/background ratios.?° The 
beam current should be increased to the maximum 
value consistent with stable operation and tol- 
erable sample damage. In most cases, higher 
accelerating voltages yield higher precision, 
but that may not be true for light elements in 
all matrices. Because of its higher counting 
rate, a PET crystal generally yields higher 
precision than LIF, but its lower resolution 
may cause difficulties with interferences. 

In principle, counting time may be increased 
indefinitely to improve sensitivity. However, 
in addition to cultural limitations, such as 
availability of instrument time, etc., long 
counting times impose a set of technical prob- 
lems that must be overcome to achieve the high- 
est analytical sensitivity. Most formidable 
among them are instrument drift and sample dam- 
age, leading to variations in x-ray intensity 
between the measurement of peak and background. 

Finally, even when peak and background in- 
tensities are measured with very great preci- 
sion, trace-element analyses may nevertheless 
suffer from systematic errors in the accuracy 
of background measurements. The analyst should 
minimize these errors by using such techniques 
as careful selection of background positions, 


Inset shows overlap of Lu La, and Dy L&2 peaks. 


profiling of background regions to check the 
shape of the background spectra, and making 
empirical corrections to linear interpolations 
based on data from a sample with a negligible 
amount of the analyzed element. 

In addition to problems related to the pre- 
cision and accuracy of intensity measurements, 
in some cases inaccurate results can arise due 
to interferences from an adjacent phase with a 
much higher concentration of the analyzed ele- 
ment than the unknown. We routinely encounter 
severe difficulties of this sort when measur- 
ing trace element partition coefficients of 
less than 0.01 in experimental charges,° and 
generally restrict’ such measurements to spots 
at least 200 wm from the adjacent trace ele- 
ment-rich phase. 


Simultaneous Measurement of Peak and Background 


In the Johnson Space Center Electron Micro- 
probe Laboratory, we have used two different 
approaches to overcome the above problems and 
increase analytical sensitivity. One approach 
is to measure peak and background at the same 
time on two different spectrometers.+? In 
this technique, we set one spectrometer at the 
peak wavelength of the element of interest, 
and another at a carefully chosen background 
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wavelength. We measure x-ray intensities for 
both spectrometers with high precision on a 
sample (typically natural olivine) known to 
contain a much lower concentration of the ana- 
lyzed element than the unknown. Then we mea- 
sure intensities on the unknown with similar 
precision. We typically use counting times of 
hundreds of minutes. The net intensity for the 
unknown is given by 


Tinet x= Lep,x) ~ 1¢8,x) *~ Tee ret)/1 0B, Ref) 


where I(p,X) is the intensity measured with the 
on-peak spectrometer for the unknown, I(p, x) is 
the intensity measured with the off-peak spec- 
trometer for the unknown, and I(p,Ref) and 
I1(B,Ref) are the intensities measured for the 
reference sample. This net intensity is com- 
pared with that of a standard in the convention- 
al manner to obtain concentration. 

The above technique permits reliable mea- 
surements of REE concentrations in the range of 
a few tens of ppm. Because it does not require 
spectrometer motion during an analysis, it can 
be used effectively on older instruments. It 
overcomes problems with instrument drift over 
the long counting times required to obtain high 
precision, Because off-peak and on-peak inten- 
sities are measured simultaneously, drift in 
electron-beam intensity influences x-ray inten- 
sities at both wavelengths proportionately, and 
hence has a negligible effect on net intensity. 
Likewise, to a first approximation, sample dam- 
age or contamination influences off-peak and 
on-peak measurements proportionately, provided 
the concentration of the analyzed element does 
not change significantly during analysis. In 
contrast to the popular technique of taking the 
background directly from on-peak measurements 
for a reference sample with a negligible con- 
centration of the analyzed element, but other- 
wise similar in composition to the unknown, the 
above technique is insensitive to small compo- 
sitional differences, because it determines 
only the on-peak/off-peak ratio from the refer- 
ence sample, but the absolute level from the 


unknown itself. 
The major limitation of the technique ap- 


pears to be the difficulty of getting the sur- 
faces of the reference sample and the unknown 
in precisely the same orientation relative to 
the beam and the two spectrometers.° Changes 
in orientation (i.e., take-off angle) as small 
as a fraction of a degree can significantly af- 
fect Tp ,Ref)/1(B,Ref) - This difficulty leads 
to an uncertainty of around 20 ppm (2c) beyond 
counting statistics in Nd analyses performed 
with randomly chosen low-Nd olivines as back- 
ground reference samples.° This uncertainty, 
therefore, constitutes the minimum detection 
limit for Nd obtainable by this technique, re- 
gardless of counting time, unless a better way 
is found to orient the sample surfaces. 


Repeated Cyclie Measurement of Peak and 
Background 


The second approach we have used for high- 
sensitivity analyses involves breaking up the 
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FIG. 2.--Analyses of REE in glass made from 
standard rock BCR-1. (a) Cyclic profile anal- 
ysis of Nd. Circles with error bars are ac- 
tual data. Curve is synthetic spectrum il- 
lustrating peak shapes, and shaping proximity 
of Ce peak. (b) Replicate Sm and Nd analyses 
of BCR-1, showing analytical reproducibility 
and agreement with accepted values. 


required long counting time into many shorter 
cycles, during which a spectrometer is alter- 
nately moved to the peak and several back- 
ground positions on either side of the peak.?? 
These cycles are repeated until sufficient 
counts have been accumulated to achieve the 
desired precision. Backgrounds are determined 
from these data by use of an iterative proce- 
dure, in which intensities measured near the 
peak are corrected for contributions from the 
shoulders of the peak according to stripping 
factors measured on the standard, and are then 
interpolated to the peak wavelength using a 
least-squares fitting procedure, in which data 
collected for different counting times are 
weighted according to the square root of the 
counts. This procedure has major advantages 
over conventional background-measurement tech- 
niques. Measurement of intensities in several 
repeated cycles permits long total counting 
times, without adverse effects of instrumental 
drift or sample damage and contamination be- 
tween peak and background measurements. Cor- 
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FIG. 3.--Analyses of Sm in samples known to 
have concentrations below the detection limits. 
(a) Cyclic profile across Sm peak for San Car- 
los olivine. Squares with error bars are ob- 
served data, and line is interpolated back- 
ground, Peak intensity is within uncertainty 
of background. (b) Results of similar analyses 
for a variety of low-Sm materials. 


rection for shoulder contributions permits use 
of background wavelengths close to the peak, 
minimizing effects from curvature of the x-ray 
continuum, 

Results for such an analysis of Nd ina 
fused sample of standard rock BCR-1 are shown 
in Fig, 2(a). Intensities were measured at the 
peak wavelength and five locations on either 
side of the peak, and are shown as circles with 
error bars. Analyses were done at 30 KV and 
300 nA. Total counting time was about 12 h. 
One curve is a synthetic spectrum, shown to il- 
lustrate the peak shapes; the other is the 
background fit by the procedures described 
above. This analysis is slightly complicated 
by interference from the Ce L81 peak, which was 
removed with stripping factors empirically de- 
termined from the Ce standard.* BCR-1 contains 
about 30 ppm Nd, It is clear that the Nd peak 
is distinctly resolved above background, and 
that the net Nd peak intensity is determined 
with a relative precision much better than 10%. 
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FIG. 4.--Analysis of Ce in pyroxenes from Mar- 
tian meteorite Shergotty. (a) Profile across 
Ce peak. Peak intensity is within uncertainty 
of interpolated background, and is well below 
that expected for sample with Ce concentra- 
tions measured by INAA for bulk pyroxene sepa- 
rate, indicated by error bars marked "Rim." 
(b) Results of similar analyses for a variety 
of pyroxene crystals covering the entire ob- 
served range of Fe/Mg zoning. Ce contents for 
all analyzed spots are below detection limits, 
and well below INAA value for "Rim" separate 
(square), indicating that LREE-enrichment is 
carried by contaminating minor phase, rather 
than being intrinsic to pyroxene. 


Replicate analyses of BCR-1 for Nd and Sm on 
two different dates (Fig. 2b) indicate that 
results are highly reproducible, and agree 
well with the accepted values. 

In addition to giving the right answer on a 
standard rock, another important test of a 
trace-element technique is that it must give 
the correct result of zero for a sample with 
concentrations of the analyzed element below 
the detection limit. Figure 3(a) shows re- 
sults of a cyclical profiling analysis of Sm 
in San Carlos olivine, which has less than 1 
ppm Sm. The peak intensity is within uncer- 
tainty of the interpolated background, and 


yields an uncertainty (lo) of 1.4 ppm Sm. In 
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the analysis of elements such as Sm, for which 
the background is smooth and well behaved, our 
procedure routinely yields the "correct" re- 
sult for samples with negligible Sm content 
(Fig. 3b), thereby lending considerable credi- 
bility to results at the 10-20ppm level. 


Applteation of REE Analysts to the Age of 
Marttan Meteorites 


There is a group of meteorites with unusual 
properties which suggest they formed on Mars.?? 
One of these meteorites, Shergotty, has been 
the subject of an intense controversy concern- 
ing its age and isotopic systematics. Defini- 
tive information on these topics would be very 
valuable in constraining the thermal evolution, 
and therefore the overall differentiation his- 
tory of Mars, Unfortunately, the chronology of 
this sample is complicated by a shock event, 
which disturbed or reset most isotopic sys- 
tems.** One geochronology group reported a 
Sm-Nd isochron which they interpreted as indi- 
cating a time of crystallization of 350 my.?° 
This isochron is based entirely on bulk analy- 
sis of different fractions of pyroxene. Sever- 
al of these fractions have extreme enrichments 
in light REE (LREE), as demonstrated by both 
isotopic analyses and neutron activation analy- 
sis (NAA).1© If this enrichment is actually 
intrinsic to the pyroxene, rather than a minor 
contaminating phase, it should be detectable by 
electron microprobe, with the use of the above 
techniques. If it is not intrinsic to pyroxene, 
then the isochron probably represents a mixing 
line or shock-disturbed system, and cannot 
yield reliable information about the crystal- 
lization age. 

To investigage this matter, we analyzed Ce 
in Shergotty pryoxene grains. Data from one 
such analysis are shown in Fig. 4(a). This 
analysis shows vo detectable Ce, The amount re- 
ported in the mineral separate’® would be easily 
detectable, as indicated in the figure. Anal- 
yses of many different pyroxene grains, cover~ 
ing the entire range of Fe/Mg zoning, indicate 
that Ce is below detection limits in all cases 
(Fig. 4b), and well below the concentration re- 
ported for "rim cpx' mineral separates.+® 
Hence the carrier of the LREE enrichment is not 
pyroxene, and it is unlikely that the 350my 
isochron represents the crystallization age of 
Shergotty. 
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MICROBEAM ANALYSES OF RARE-EARTH ELEMENT PHOSPHATE IN BASALT FROM KAHOOLAWE ISLAND, HAWATI 


R. V. Fodor, D. P. Malta, G. R. Bauer, and R. S. Jacobs 


Concentrations of rare-earth elements (REE) in 
Hawaiian basaltic rocks have been one of the 
main geochemical characteristics used over the 
past ten years to construct models for petro- 
genesis of Hawaiian tholeiitic and alkalic ba- 
salts (see, for example, Refs. 1-4). Studies 
of hundreds of Hawaiian basalts have documented 
that when REE abundances are normalized to 
chondritic meteorite values, the light REE 
(LREE)--La, Ce, and Nd--are enriched by factors 
of 20 to 40 over chondritic values; and that 
heavy REE (HREE)--Yb and Lu--abundances are 
about 5 to 12 times those of chondrites (Fig. 
1). By determining the absolute amounts of 
REE in any particular basalt and applying 

those values to the coefficients for partition- 
ing among various silicate phases and liquids, 
geochemists can model and interpret the min-- 
eralogical characteristics and melting pro- 
cesses of the mantle whence basalts are de- 
rived,+~* 

Only a few samples of basalt from the eight 
major Hawaiian islands have been noted for 
anomalously high REE concentrations, several 
times greater than in rocks having otherwise 
comparable compositions. These samples also 
have anomalously high yttrium abundances, where 
Y apparently behaves like a HREE. For example, 
Roden et al.” report a tholeiitic basalt from 
the Koolau range of Oahu to have Lan = 140 and 
Y = 61 ppm (m means normalized to chondrites; 
typical Y for Hawaiian basalt is 20 to 35 ppm); 
Clague® found REE-enriched basalts on Molokai; 
and Fodor et al.’ report basalt from Kahoolawe 
anomalously high in REE and Y (Fig. 1). The 
importance of these observations lies in under- 
standing whether they represent, among other 
possibilities, unusual mantle source material 
for basalt, an ability for REE and Y to concen- 
trate during melting of typical Hawaiian man- 
tle, magma contamination by assimilation, or 
vapor-phase concentration of REE,Y during 
eruption and cooling, or whether the REE,Y 
concentrations are secondary due to weathering. 

Before any of these possibilities can be 
evaluated, one must establish exactly where and 
how the anomalously high REE and Y are 
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FIG. 1.--Chondrite-normalized rare-earth ele- 
ment concentrations for Hawaiian basalts. 
Representative tholeiitic and alkalic basalt 
and REE-rich tholeiitic basalt from Koolau 
Range, Oahu, Hawaii.° Kahoolawe basalt is 
host for rare-earth phosphate of this study.’ 
(F. A. Frey, MIT, provided the REE data for 
this rock.) 


contained in the basalts. -Examination by 
polarizing microscope proved to be unequal to 
the task. To achieve documentation, we there- 
fore chose REE,Y-rich alkalic basalt from 
Moaula vent on Kahoolawe Island (Fig. 1) for 
exploration by electron microprobe and scan- 
ning electron microscopy (SEM). Our examina- 
tions revealed that a groundmass phosphate 
mineral not known or expected to occur in 
basaltic rocks is the host for the abundant 
REE and Y. 


Analytteal Approach 


The electron microprobe used in the Depart- 
ment of Marine, Earth, and Atmospheric Sciences 
at North Carolina State University is a manu- 
ally operated ARL-EMX. It has three spectrom- 
eters and is interfaced with an Apple II com- 
puter for data reduction. Operating condi- 
tions were 15 kV accelerating voltage and 
0.015 yA sample current. Matrix corrections 
were made according to Bence and Albee,® and 
intra-REE overlapping wavelengths were cor- 
rected (e.g., La L8; enhancing Pr Lai). 

We located the REE,Y~bearing areas on pol- 
ished thin sections by setting spectrometers 
to L wavelengths for La and Y, and then moving 
the sample under the electron beam until high 
La and Y concentrations were detected. Five 
to ten such areas of about 10 x 40 um were 
noted in three l-in.-diameter thin sections of 
the Moaula vent basalt analyzed. REE analyses 
were made against REE standards’; P and 
F values were determined with the Smithsonian 
Institution reference apatite. Counting times 


were 10 s per point, averaged over 10 points per 
grain. Backgrounds were the average of two off- 
peak settings. 

The SEM was a JEOL JSM-840 at the Microelec-~ 
tronics Center of North Carolina. It is 
equipped with a Kevex 8000 microanalyzer and an 
energy-dispersive x-ray detector. SEM analyses 
were done on a rock chip cut by saw to yield a 
flat surface. The surface was gently buffed 
with #600 grit paper and carbon coated for a 
reconnaissance survey in the electron micro- 
probe to locate REE,Y-bearing areas before 
SEM, 


Analytteal Results 


The phosphate phase containing the REE and Y 
is randomly located in the basalt groundmass of 
plagioclase, olivine, clinopyroxene, Fe-Ti ox- 
ides, apatite, and minor amounts of phlogopite. 
The SEM x-ray map in Fig. 2 for the simultan- 
eous data collection of P, Y, La, and Ce il- 
lustrates the subrounded outline of one of 
these REE,Y phosphate concentrations. Figure 
3 shows a series of secondary-electron images 
of this area, Although the material appears 
polycrystalline, comprised of many elongate 
grains, we cannot be certain of that from the 
imagery acquired, The x-ray spectrum from a 
point on the surface in Fig. 3 shows K peaks 
for P, Ca, and Si, and L peaks for Y (the L841 
line is incorporated under the P peak), La, Ce, 
and Nd (Fig. 4). 

Table 1 lists the analysis by electron mi- 
croprobe. The summation is low probably be- 
cause the mineral was not analyzed for all REE 
likely to be present (e.g., Tb, Dy, and Yb), 
and possibly due to water content. The high 
amounts of La, Ce, and Nd, and the P205 of 29 
wt% yield a composition similar to the rela- 
tively common REE-phosphate monazite (Table 1). 
However, distinctive are the relatively high 
amount of Y and lower LREE than usually present 
in monazite. In this regard, the composition 
is closer to that of the REE,Y hydrated phos- 
phate rhabdophane, but differs from rhabdo- 
phane by the high (0.9 wt%) F content (Table 1). 
Fluorine may actually be present in rhabdophane, 
but is not reported as having been determined. 

The REE pattern of the new phosphate resem- 
bles that of monazite in relative LREE contents, 
but is notably higher in middle-REE (Fig. 5). 
The REE pattern differs from that for rhabdo- 
phane by relatively higher Pr and middle-REE 
contents. However, as pointed out by Bowles 
and Morgan,*® the proportions of individual REE 
in rhabdophane probably depend on environment , 
where the structure accommodates the predomi- 
nant REE available. 


Diseusston and Conelustons 


Electron microprobe and SEM analyses docu- 
ment the occurrence of a REE- and Y-bearing 
phosphate previously unreported in Hawaiian ba- 
salts. Its composition does not specifically 
resemble known REE,Y-bearing phosphates?* but 
comes close to that of rhabdophane. Also, its 
occurrence in the basalt resembles that noted by 
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FIG, 2.--SEM x-ray map of REE- and Y-bearing 


phosphate in a Kahoolawe basalt. Dwell time 
was 50 ms. Accelerating voltage was 25 ky. 
K lines for P; L lines for Y, La, and Ce. 
Scale bar equals 40 ym. 


TABLE 1.-- Composition in wt% for a new REE,Y- 
bearing phosphate from Hawaiian basalt compared 
to compositions for monazite and rhabdophane. 


New phos- 
phate Monazite® Rhabdophane? 

Si0, 1.3 0.68 
TAD 0.20 

A1,05 0.15 

FeO 0.48 0.35 
CaO 0.95 0.26 
K,0 0.10 

POs 29.4 28.66 28.59 
F 0.9 

Cl 0.10 

2x02 0.25 

Sr0 <0.01 

La,05 6.8 11.05 12.19 
Ce,0; 16.1 32.19 11.85 
Pr,0; 3.1 Sarl 1.02 
Nd,05 14.1 17.73 21.18 
Sm,05 6.5 2.61 3.49 
Eud 2.3 L728 
Gd,05 5.3 0.75 a 24 
Tb205 0.34 
Dy,05 0.27 1.69 
Ho,0; 0.16 0.40 
Er,0, 0.07 442 
Tm,0. 0.51 
Yb,03 0.10 0.40 
Y,0; 740 0.96 4.02 
Sum 95.57 

-~ QO =F ~0.38 
Total 95.19 100.94 92 .43 

a 
Ref. 14, Table 9. 
b 


Ref. 10; see also Refs. 11, 12. 

Open places in analyses indicate element not 
determined, PHA used for F analysis to elimi- 
nate P interference. 


Adams!* for rhabdophane in a mineralized 
zone (supergene) in Idaho as aggregates 
of intergrown crystals in spheroidal 
forms less than 20 um in diameter. Based 
on its subrounded occurrence in the ba- 
salt groundmass, this new phosphate could 
represent precipitation from vapor or 
fluid permeating the basaltic magma while 
in a shallow reservoir, or during erup- 
tion and cooling on the surface. The 
source of such REE,Y concentrates migrat- 
ing in Hawaiian magmatic plumbing systems 
is unknown. However, the mobility of REE 
and Y is most likely facilitated by com- 
plexing with Cl and Ft? in magma systems 
--and F appears to be part of the rhabdo- 
phane-like phosphate (Table 1). 
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FIG. 3.--Secondary-electron images of REE- and Y- 
bearing phosphate in Kahoolawe basalt. All images 
are from same area as in Fig. 2. Images (a) and (b) 
were taken at 0° tilt, (c) from about 45° tilt. 
Scale bars in (a) and (b) refer to left-side images 
only. 
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FIG. 5.x<Chondrite-normalized REE pattern for 
new phosphate in Kahoolawe Island basalt, com- 
pared to patterns for monazite and rhabdophane; 
compositions in Table l. 
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IDENTIFICATION OF RARE EARTH AND YTTRIUM MINERALS USING THE MinIdent DATABASE 


Dorian G. W. Smith 


The last decade has seen renewed interest in 
yttrium and the rare-earth elements (REE) as 
their industrial potential in such areas as 
superconductors, ceramics, and nuclear-waste 
disposal systems has grown. Exploration for 
rare-metal deposits has been very active and 
their investigation has inevitably led quickly 
to the use of microbeam techniques to examine 
the constituent minerais and their textural re- 
lationships. Among the most intractable have 
been minerals containing essential, or at least 
significant, concentrations of Y and REE. Al- 
though certain well-known REE minerals have of- 
ten been recognized, many others have been 
doubtless passed over simply because investiga- 
tors have been unable to make identification 
from available data. 

Because they frequently contain significant 
quantities of Th and U, REE minerals are com- 
monly metamict. Thus the techniques of powder 
diffraction, employed so commonly in mineral 
identification, are useful only after heat 
treatment (see, for example, Ref. 1). Then it 
is often found that a mineral is to be recon- 
stituted into two or more phases, rather than 
the original mineral that crystallized. In 
this situation, quantitative electron micro- 
probe analysis and recognition of the original 
phase on the basis of composition of the meta- 
mict mineral becomes even more important. 

Accurate determination of REE concentrations 
in situ by use of the electron microprobe is 
one of the more difficult tasks facing a micro- 
analyst. Papers in these proceedings may dis- 
cuss in detail many problems that present them- 
selves. They include severe peak overlaps and 
the determination of background beneath the 
crowded peaks of the complex L spectra normally 
used in analysis. The sheer number of measure- 
ments of peak and background intensities re- 
quired to determine accurately 14 REE, Y, and 
the many other elements commonly present (the 
total may often exceed 30) poses additional 
problems, as do ubiquitous inhomogeneities and 
the common instability of REE minerals beneath 
an electron beam. Correction of data for ma- 
trix effects, and the unusual self-aborption 
phenomena that can seriously affect measure- 
ments of M-line intensities, are yet other 
problems that must be dealt with, as are inher- 
ent restrictions on the number of elements that 
can be corrected simultaenously in many soft- 
ware packages. Requirements for satisfactory 
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standardization must also be faced. 

Even when all these problems have been re- 
solved, the difficulties of mineral identifi- 
cation may remain. At present the literature 
includes over 140 named mineral species con- 
taining essential REE plus another 20 or so 
that have been recognized but remain as yet 
unnamed. If we include minerals that may con- 
tain appreciable amounts of REE that, however, 
are not essential to their definition, the 
total is several hundred. 


MinIdent 


Normally, a well-trained mineralogist is 
likely to recognize a handful of these species. 
Most microanalysts will recognize less. Nor 
should the importance of mineral identifica- 
tion be underestimated. It is the key to un- 
locking all the information previously gath- 
ered for that natura] compound and is often a 
shortcut to determining the most successful 
methods of treatment, beneficiation, etc. The 
present paper shows how the MinIdent? computer 
software and the database it uses can be em- 
ployed to assist an investigator in obtaining 
either a rapid identification or at least re- 
ducing possible identities from several hun- 
dred to a handful. 

Minident can use two different procedures 
as an aid to identification. In the first, 
MATCH, data for an unknownare compared to cor- 
responding data in the database for all miner- 
als. If the input values for the unknown do 
not lie within the range stored for a particu- 
lar mineral, that mineral is not considered 
further. In the second procedure, IDENTIFY, 
no minerals are dropped from consideration but 
"demerit points" are assigned according to the 
size of the mismatch between the data for an 
unknown and that in the database. Up to 20 
minerals having the lowest "demerit points" 
may then be listed. In applying these two 
procedures, MATCH is normally employed first 
to reduce the list of possibilities from near- 
ly 4600 to a 100 or so. To do that, composi- 
tional data (and/or other properties) are in- 
put with wide error limits--limits that will 
embrace any possible uncertainties in data for 
the unknown and also allow for the fact that 
data in the database may not necessarily in- 
clude the full range of values that can exist 
in nature. Only major element concentrations 
are included at this stage. Minor elements 
may be peculiar to a particular unknown and 
hence might cause rejection of a mineral that 
in every other respect is a good "fit." Once 
possibilities have been reduced in this way, 
the most precise data available for all ele- 
ments (and other properties) are entered and 


TABLE 1.--Analytical data. 


Yeuxenite” | monazite  allanite 
U308 
ThO2 
¥203 
Nb205 
Ta203 
Ti02 
Fad 
Cad 
La203 
C2203 
Br203 
Nd203 
$n203 
Eud 
6d203 
Tb203 
Ho203 
Er203 
DyZ03 
P205 
41203 
S102 
TOTAL 107.3 
Minldent ist choice: 
polycrase-(Y) monazite-(Ce) allanite-(Ce) ashanite 
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the procedure IDENTIFY AND is invoked to deter- 
mine the most likely identities. (The AND fol- 
lowing IDENTIFY limits the list of minerals 
considered to that produced by MATCH.) 


Analytteal Data 


Table 1 shows compositions of three Y and 
REE minerals, published recently in these pro- 
ceedings.* The minerals were identified as 
euxenite, monazite, and allanite--REE minerals 
that are relatively common, but not easily 
identified without previous familiarity or the 
aid of accurate compositional information. In 
fact, all the names were incomplete. According 
to rules recently adopted by the International 
Mineralogical Association and its Commission on 
New Minerals and Mineral Names, all Y and REE 
minerals should be followed by an identifier 
indicating which of these elements is dominant 
in that species.* For example, allanite-(Ce), 
allanite-(La) and allanite-(Y) are isostruc- 
tural minerals with similar but distinct compo- 
sitions and with optical and physical proper- 
ties that vary somewhat. This scheme brings 
order to a nomenclature that had grown chaotic. 
The data actually entered into the program are 
shown in Table 2. 


Results 


The mineral euxenite-(y)--the Y indicates 
that yttrium is dominant--has the formula 
(Y,Ca,Ce,U,Th) (Nb,Ta,Ti)06 and forms a series 
with the mineral polycrase-(Y) 

(Y,Ca,Ce,U,Th) (Ti,Nb,Ta)6, in which Ti is dom- 
inant over Nb; the reverse is the case in 
euxenite-(Y). According to the formula calcu- 


TABLE 2.--MinIdent data entry for "euxenite," 
monazite, allanite, and U,NB-oxide. 


YEUXENITE” DATA 

unknown'w Nb205=17-37iu Ti02=10-30;w Y203=9-29 i save imatch 

unknown edit:w=null;w U908=22.7iu ThOZ=6;w Y203=18.9iw Nb205=26 .9 

w Ta20520.4iu Ti0Z=19.7iw FeQ=1.9iw Dy20323.9iw Er203=2.4i)w Ho203=1.4 
save; identify and 

tab name unk TM w Ow Nbu Ti wu Taw Uw Th w Y w Dy w Er w Ho w Fe 
MONAZITE DATA 

unknown: w P205=16-34)u Ce203=17-38) save; match 

unknown edit;w=nulliu ThOZ=8.é1w Ca0=0.4iw La203=13.81u Eud=1 

w Ce203=27 Siw Pr203=6.1)w Nd203210.3iu Sm203=1.91w Gd203=3.4 

w P205=25.9isavei identity and 

tab name unk TMu Ow Pw Law Ce w Pr w Nd w Sm w Cu w Gd w Dy w Th 
ALLANITE DATA 

unknown; $102=20-40;w Al203=5-25iw Fe203=7-27iu Cad=1-Z2iiu Ce203=1-21 
Save match 

unknown editiwenui liv $102=29.5iw Al203=14.9iw Cad=10.8:u Ce203=11.3 
w La203=8.3iu Pr203=2.7:w Nd203=2.1iw $m20320.33;Ti02=1.4) save: 
identity and 

tab name unk TM ww Ow Si w Al w Caw Ce wLlaw Pe w Nd w Sm w Eu w Ti 
UsNb-OXIDE DATA 

unknown; wv U02=18-381w Nb205=33-63; save i watch 

unknown editiw=nuil:w U0Z=28.2iw Nb205=47.8iw Ti02=4 2iw Fed=7.4 

w Ca0=5.7iw Ce203=3.3iu $i02=3.2isavei identity and 

tab name unk TM wu O w Uw Nb w Ti w Fe w Caw Ce formula 


lated by Knowles,* the mineral is close to the 
center of the series, but just on the poly- 
crase-(Y) side. This also becomes apparent 
when the data are processed through MinIdent 
(Table 2). Polycrase-(Y) and euxenite-(Y) 
both appear in the list of minerals, but the 
former has a slightly better total matching 
index (''T"). Table 3 also shows that the 
monazite is easily identified as monazite-(Ce), 
clearly a better match than monazite-(Nd). 

The processing of the allanite data (Table 3) 
shows that the mineral should be termed alla- 
nite-(Ce). 

Finally, semiquantitative data are also pre- 
sented in Table 1 for an unidentified U,Nb- 
oxide from the Thor Lake rare-metals deposit.® 
This mineral contains Ce as a significant but 
probably nonessential constituent, i.e., its 
presence might be common but not likely to be 
the dominant element in a particular structural 
site. In such a case the Y or REE symbols 
should not be appended to the mineral name, 
since it might be entirely possible to have 
examples of this mineral that contain little or 
no Ce. Table 3 shows possible identities ob- 
tained by processing of the data through 
MinIdent. Note that Ce was not in the initial 
data entered for the MATCH procedure. A suf- 
ficient reduction in possibilities could be ob- 
tained by use of only the major elements Nb 
and U. In fact, because of the scarcity of 
really accurate REE data, it is often best to 
exclude these elements from MATCH unless they 
are present in very high concentrations, and 
even then they should be used only with very 
generous error limits. The complete analytical 
data are of course introduced before the 
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FIG; 


Record: 2645{/ASHANITE species of OXIDES 00:01:46FEB 9, 1989 
Formula: (Nb,Ta,U,Fe,Mn)408 


Symmetry: Orthorhombic|]Space Group: Pcan[60 re HwceDs 25 o9-08e0|Dispers O66O0[Dispersion: ss 
Type: OXIDES Year First Described: i980]Samples: 1] Isenerals: 1 { Total Samples: 


Ej Coord a Alpha | Beta came 
Nb Oo 000 25 697 382 1 573 
ie) 114.850 22 510 - 807 8 O00* 5 869 4 873 5 216) 90.000] SO COO; SO OCO 
U 0 000 «620-191 88 150 Oo 482 
Ta 0 000 «#19 172 84 973 0.602 n(alph) [n(beta) |n(gamm) | Density MOH 
Fe Q ooo G 413 63 574 Oo 653 £ 5.8 
Mn Oo O00 6.018 63 193 O 623 2 310 2 350 2 400 6 2 
6.6 
R(470) }R(546} 1R(589) R(650) GAP 
414 
44°45 19 93 10 8 19 6 
11.5 
Clalph) {C(beta){C(gamm) |d-vals 
L Br Rd OD Br Rad 
11.85 100.0 411.078 41.9333 


Sources:Amer. Min. v.66, L247: 
Collection number(s 


Polymorphs: 
Remarks: Dark in colour with brownish streak Lustre is submetallic to pitch-like and the 


fracture subconchoidal An infrared spectrum is available in the original literature The mineral 
is a Nb-analogue of ixiolite. 1.40% undifferentiated RE203 also reported in only analysis. 
Occurrence: In the central part of a pegmatite in an albitized two-mica granite Assoc with 
Ta-rich columbite, Th-rich monazite and ishikawaite. 

Location(s): Aitai Mts., N.W. China. 


1,--Compiled ashanite data. 


TABLE 3.--MinIdent output. 


EUXENITE RESULTS 


Name 

unidentified sample a — 441 692 4 27 
18.992] 11.928 : . . 1.234 

POLYCRASE-(Y) 

EUXENITE-(Y) 

UM1926~-01 

PISEKITE 

AESCHYNITE-(Y) 

UM1930-01 

MURATAITE 

BETAFITE-SUBGROUP 

PYROCHLORE - SUBGROUP 

NIOBO-AESCHYNITE-(Y 


MONAZITE RESULTS 


Name Ca 

unidentified sample 24 778] 11 419 11 649] 23 244] 5 ee 8 742) 3 aa] Oa) TT | 
25.2791 141.4161 11.885} 23.713] 5.264 8: 919] 1.655] 0.914 

MONAZITE-(CE) oO 33 

MONAZITE-(ND) 

CERPHOSPHORHUTTONITE 

RHABDOPHANE-(CE) 

BELOVITE 

UM1983-17 

BROCKITE 


ALLANITE RESULTS 
Name 
untdentified sample 29 68 43 652, 7 so7[ 7 642] 9 S51 4 782 
30.279] 13.927] 7.965] 7.796] 9.744 : 1.818 
ALLANITE-(CE) 
ABLLANITE-(€¥) 
ALLANITE~(LA) 
TRITOMITE~(¥ 


U,Nb-OXIDE RESULTS 
Name im jo fu Np ti Fe Ga dices Formula 
unidentified sample , | 24 666] 24 61 33 08 2 493] 5 848 

25.164] 25.107] 33.748] 2.543] 5.967 
ASHANITE 
PISEKITE 
PYROCHLORE-SUBGROUP 
PETSCHECKITE 
UM1930-04 
PLUMBOBETAFITE 
SAMARSKITE~(Y) 
ISHIKAWAITE 


(Nb, Ta,U,Fe,Mn)}408 
(Y,Ce,Ca,As,Fe,U)(Nb,T1,Ta)(0,0H) 
N/A 

U4+Fe2+(Nb, Ta) 208 
(Ca,Pb,¥,U) (Nb, Ta, Ti, Fe3+)206 
(Pb, U, Ca} (Nb, Tf) 206(0H,F) 

(VY ,Ce,U,Fe3+)3(Nb, Ta, Ti)5016 
~7ABi(U Fe, Y,Ca) (Nb, Ta)O4 


sol 


IDENTIFY AND procedure is invoked, 

Figure 1 shows a compilation of data stored 
in the database for the mineral ashanite, 
which is one of the two minerals that are most 
similar to our unidentified U,Nb-oxide. Such 
records give the average and in some cases a 
range of values for a substantial number of 
properties. They also summarize geological 
situations in which a mineral has been found 
previously, provide localities for samples used 
in the database, and perhaps most important, 
give the corresponding references, which allow 
the user to trace literature sources. Many 
data for REE minerals appear in non-English 
language (particularly Russian) literature. 
Whenever possible references are given to 
translations of such articles, or at least to 
English-language abstracts. 

An entry "UM1930-01" appears in the list of 
"identified" minerals in Fig. 1. This designa- 
tion stands for an Unnamed Mineral reported 
first in 1930; it was probably the first en- 
tered into the database for that year. At 
present more than 600 such minerals are in- 
cluded in MinIdent. Unnamed minerals, scat- 
tered widely throughout the literature, are 
particularly difficult to trace. Only a few 
(now incomplete) compilations have appeared.°~’ 
The compilation in MinIdent includes unnamed 
minerals for which solid, compositional, opti- 
cal, or other physical data are available. 
Possibly new species described only in vague 
terms such as hand-specimen color, habit, and 
other nondefinitive physical characteristics 
have been excluded. In addition, when an un- 
named mineral is subsequently named, the UM... 
listing is removed in favor of the new correct 
name, and a note drawing attention to this sub- 
stitution is included in the Remarks field for 
the new species. 

Two other features of MinIdent are note- 
worthy in connection with applications to REE 
minerals. The SYNONYM list provides informa- 
tion (including references) for mineral names 
that are either synonymous with other, pre- 
ferred names, or that simply designate varte- 
ttes of true species. The same facility is 
used to provide a message (and reference) when 
a request is made concerning a discredited min- 
eral name. The SUBSET facility allows a user 
to create a list of minerals from within the 
database and then consider only that subset 
when using procedures such as MATCH and IDENTI- 
FY. Since the size of database that must then 
be searched is greatly reduced, significant 
economies in processing time result. This 
could be particularly significant if MinIdent 
were to be used in an automated mode in con- 
junction with a digital imaging package. 


Conelustons 


Notwithstanding the success demonstrated in 
the distinction of various REE minerals, there 
is a great paucity of good, accurate data for 
many of the minerals. Early wet chemical] anal- 
yses seldom distinguished the individual REE, 
and later microprobe analyses may suffer from 
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all the difficulties noted at the beginning of 
this paper. As new and better data are added, 
so the ability of the MinIdent software to 
discriminate among possible REE minerals will 
improve further. 
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SEM ANALYSIS OF ROCK VARNISH CHEMISTRY: A GEOMORPHIC AGE DISCRIMINATOR 


C. D. Harrington and Robert Raymond Jr. 


Rock varnish, amanganese- and iron-rich coating 
commonly found on rock surfaces in arid and 
semiarid regions, has long been of interest as 
a potential age indicator. Rock varnish has 
been shown to be an effective medium for dating 
of geomorphic surfaces over a time range of 
several thousand to over a million years, by 
use of a ratio among minor cations 

[(K + Ca)/Ti] for the total volume of rock var- 
nish. We have recently developed a technique 
using the scanning electron microscope (SEM) 
equipped with an energy-dispersive x-ray ana- 
lyzer (EDAX) to analyze the chemistry of rock 
varnish.? This technique has several advan- 
tages over the earlier cation ratio technique. 


Methodotogy 


Our SEM procedure utilizes two 0.5cm-thick 
disks made from circular cores drilled through 
the varnish and rock substrate on each var- 
nished clast. The rock substrate is ground 
parallel to the varnish surface and the disks 
from each varnished clast are mounted on a 
glass slide and carbon coated for SEM analysis. 
We anlyze the rock varnish on 8 to 10 rock 
clasts (16 to 20 disks) for each geomorphic 
surface being dated. For SEM analysis we use 
a takeoff angle of 40° and a counting time of 
100 s. To assure a steady beam current, dead 
time is held between 15 and 25%. All data are 
obtained with a Tracor standardless program 
in which x-ray peak intensities are ZAF (fac- 
tors for atomic number, absorbance, and fluo- 
rescence) corrected before elemental weight % 
are calculated. Elemental weight % are record- 
ed for four major (Si, Al, Fe, and Mn) and 
seven minor (Mg, Ca, K, Ti, P, S, and Cr) varnish 
constituents. 

The bulk chemistry of the varnish on each 
disk, which has a surface area of about 4 cm? , 
is obtained by SEM-EDAX. Relative abundance 
of elements are based on relative x-ray peak 
intensities. Although absolute concentrations 
of individual elements may not be determined 
with great accuracy due to microrelief on the 
varnish surface, ratios of elements have a high 
degree of accuracy. Before the varnish is ana- 
lyzed, several analyses are obtained of exposed 
rock substrate where the varnish has been 
chipped during coring. Elements that are ei- 
ther of markedly greater or of very low abun- 
dance when compared to the varnish chemistry 
are noted. 

In analyzing rock varnish we use a small SEM 
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magnification (30%) in order to include the 
maximum area of varnish in each analysis. Six 
sites are analyzed on each disk to produce an 
integrated analysis of the entire disk sur- 
face. We initially use a low electron accel- 
erating potential (10 kV) and then progres- 
sively increase the voltage in 5kV increments 
while analyzing the same sample area, so that 
greater depth penetrations into progressively 
older varnish are achieved. In varnish analy- 
ses, quantities of Ti, Mn, and Fe gradually 
increase as varnish is penetrated (voltage is 
increased), reach a maximum when older varnish 
is included, and then decrease with increasing 
voltage where substrates are deficient in 
these elements. The quantity of K and/or Ca 
may decrease with depth in the near-surface 
varnish and rapidly increase when substrates 
high in K or Ca are penetrated. Thus, in var- 
nish analyses, the varnish cation ratio 

[(K + Ca)/Ti] decreases to a minimum value at 
some depth in the varnish and then, for sub- 
strates rich in K and/or Ca, gradually in- 
creases with increasing penetration. The cat- 
ion ratio minima occur below the voltage at 
which elements absent in the varnish, but abun- 
dant in the rock substrate, appear in the 
analysis; and at (or just below) the voltage 
level at which Mn and/or Fe maxima are ob- 
tained. It is this minimum cation ratio we 
select for a site analysis. The cation ratio 
for each disk is calculated from the five low- 
est site ratios. A cation ratio for each rock 
sample is calculated by averaging of the two 
disk ratios. The cation ratio for a geomor- 
phic surface or deposit is calculated from the 
average of the 8-10 rock cation ratios. Thus, 
the cation ratio for a surface combines 80 to 
100 analyses. 

In this paper, polished sections across the 
varnish/substrate interface are used to show 
relationships between varnish occurrence and 
substrate morphology, and between the chemis- 
tries of varnishes and substrates. Due to the 
high absorption coefficients of Mn and Fe for 
Ca, K, and Ti x rays, such comparisons could 
not be shown on planar surfaces of samples on 
which VCR analyses have been made. 


Comparison of SEM and Earlter Technique 


The SEM technique differs from and has a 
number of advantages over the earlier method 
described by Dorn’ to calculate cation ratios. 
The earlier method entails extraction of the 
varnish from the rock substrate by scraping 
with a tungsten-carbide needle under 40x mag- 
nification and analyzing the scrapings by pro- 
ton-induced x-ray emission (PIXE). 

Rock varnish coatings are commonly a few to 
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FIG, 1.--Backscattered electron (BSE) image and Mn x-ray map of polished cross section of sili- 
cified carbonate showing continuity of thin rock varnish coat over substrate with great micro- 
roughness due to the substrate's mineralogy. 
FIG. 2.--BSE image and Mn, Ca, and K x-ray maps ot polished cross section ot rhyolite tuft. 

Two areas of substrate most vulnerable to removal during scraping of rock varnish host Ca- and 
K-rich feldspar grains. 
FIG. 3.--BSE image of polished cross section of basalt showing small depression infilled with 


rock varnish. 
by overlying Mn-rich rock varnish. 


Within upper layers of infilling is detritus horizon that has been bound in place 


FIG. 4.--BSE image and Mn, Ti, and Ca x-ray maps of area of Fig. 3 magnified to show presence of 
Ti-rich (titanogmagnetite) and Ca-rich (probably feldspar) material in detritus horizon that is 


incorporated in rock varnish. 


a few tens of micrometers thick and are best 
formed on fine-grained rocks such as basalt, 
tuff, sandstone, and chert that may contain a 
surface microroughness (Fig. 1). With the SEM 
technique, once a complete varnish coat has 
been accreted, substrate surface microroughness 
does not significantly affect calculated cation 
ratios? and major topographic irregularities 
can be avoided by use of slightly higher magni- 
fication and changes in location of sites for 
analysis. In addition, topographic irregulari- 
ties on the varnish/substrate interface do not 
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pose a serious problem in analysis as the var- 
nish thickness determines at what voltage the 
cation ratio is obtained. It is difficult or 
impossible to scrape such irregular varnish or 
rock surfaces so as to remove only the varnish 
without incorporating a substantial quantity 
of powdered rock material that may contain 
high concentrations of Ca, K, or Ti (Fig. 2). 
With the SEM, we analyze the varnish in situ, 
avoiding problems inherent in attempting to 
remove the varnish from the substrate. 

Other major advantages of the SEM technique 


lie in the procedure of SEM analysis. The most 
significant among them is the ability to exam- 
ine the variation in varnish chemistry across a 
disk or from disk to disk as the sample is be- 
ing analyzed. Thus, areas of anomalous chem- 
istry may be avoided and analyses of those 
areas discarded, For example, major deposi- 
tional events within a geomorphic area can re- 
sult in varnish surfaces becoming covered with 
eolian detritus. Such mineral detritus tends 
to be concentrated in depressions on horizon- 
tal rock surfaces. If eolian detritus with- 
stands winnowing and erosional processes long 
enough, varnish accretion binds or buries these 
externally derived mineral grains and a record 
of the event is retained within the layers of 
rock varnish (Figs. 3 and 4). If this eolian 
detritus is rich in Ca, K or Ti (Fig. 4) and 
the mineral grains remain bound into the var- 
nish, areas of the varnish where the detrital 
concentrations occur yield anomalous cation 
ratios that may significantly alter the cation 
ratio calculated for the rock clast and thus 
for the geomorphic surface being dated. Such 
anomalous results would be readily apparent 
where the SEM technique is used because of the 
variability between detritus-rich and detritus- 
poor areas; anomalous areas can then be dis- 
carded prior to calculation of the VCR for the 
clast. The scraping method, in contrast, ex- 
tracts varnish from the substrate without 
knowledge of the variation in chemistry within 
the sample. Detrital concentrations such as 
above cannot be avoided and are likely to be 
incorporated into the final sample to be ana- 
lyzed. Furthermore, preparing a varnish sample 
for PIXE analysis requires combining varnish 
from several clasts to form one sample of great 
enough bulk. Such mixing makes recognition of 
chemically anomalous areas of varnish much 
more difficult and destroys the ability to 
cross-check duplicate samples as is done in the 
SEM method. 

In some examples, Ba has been found to be 
heterogeneously distributed as a minor varnish 
constituent. Because both the SEM and PIXE 
rely on EDAX analysis there exists in either 
method a problem of interference (overlap) of 
Ba L and M Peaks with the K and L peaks of Ti. 
Anomalous Ba occurrence could cause anomalously 
low cation ratios. PIXE analysis may use the 
correct proportions of the five Ba L peaks and 
the imperfect overlap of one of those L peaks 
with Ti Ka peak to deconvolute the effect of Ba 
occurrence on measured Ti content. In the SEM 
technique, Ba occurrence canbe recognized in a 
a relative sense by examination of the EDAX 
spectra during analysis for the Ba M8 line and, 
when present, the analysis can be disregarded 
in cation ratio calculations. In addition, we 
have the capability of using wavelength-disper- 
sive analysis to distinguish Ba and Ti for sam- 
ples where Ba is pervasive. This capability 
allows an evaluation of the degree and distri- 
bution of Ba occurrence within varnishes and 
also permits calculation of cation ratios for 
varnish samples in which Ba occurs. 
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Finally, varnish 1s not removed from its 
substrate for SEM analysis, as it must be for 
PIXE analysis. If an SEM-EDAX analysis yields 
an anomalous result, the specific site on the 
disk may be examined to determine the cause of 
the anomaly and, if warranted, the cation ra- 
tio determined at that site can be disregarded 
in the calculation of the cation ratio for the 
disk. Furthermore, chemical inhomogeneities 
can be examined across an entire disk. If a 
PIXE analysis is anomalous, the original var- 
nish surface cannot be reexamined, and a sub- 
stitute sample must be studied. 


SUNMNAYY 


SEM combined with EDAX offers a new method 
by which to analyze the chemistry of rock var- 
nish. The SEM analytic technique for deter- 
mining rock varnish cation ratios to date geo- 
morphic surfaces has several advantages over 
previously published cation-ratio dating tech- 
niques : 


1. SEM analysis is done in situ and may be 
performed on thin or thick varnish coats; 
microrelief on substrates is not problematic. 

2. Site-by-site analysis allows recognition 
and exclusion of chemical inhomogeneities in 
calculated cation ratios. 

3. The SEM technique is nondestructive of 
varnish surfaces, which permits reexamination 
of anomalous results if warranted. 
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A NEW TECHNIQUE UTILIZING SCANNING ELECTRON MICROSCOPY AT LOW TEMPERATURE 
AND VOLTAGE TO ANALYZE NATIVE-STATE RESERVOIR ROCKS 


C. J. Stuart, L. C. Liang, and J. B. Toney 


A new technique has been developed to allow di- This technique shows a great promise for the 
rect imaging of native-state petroleum reser- observation of fluid distributions, clay in- 
voir rocks using the scanning electron micro- teractions wettability, and permeability of 


scope (SEM) in a low-voltage mode combined with the '"native-state" reservoir rock. 
a solid-state cryosystem. SEM investigation of 
native-state reservoir rock samples is impor- 
tant because it enables direct visualization 

of (1) the fluid distributions in the pore sys- 
tem; (2) clays in their natural hydrated 
states; (3) the native mineralogy; and (4) com- 
bined effects on the reservoir's wettability 
and permeability. The new technique uses low- 
voltage SEM to image the uncoated surface of 
the wet sample, and the cryostage to control 
the vapor pressure of the fluid phase while im- 
aging. A differentially pumped environmental 
chamber is not required with this approach. 

This technique utilizes a solid-state ther-- 
moelectric device (TED) toachieve the required 
sample cooling. The TED operates on the Pel- 
tier principle permitting the surface of the 
TED to reach temperatures as low as 110 C below 
its reference temperature. A sample stage is 
refitted with a TED substage. The sample is 
fixed to the substage so that it is in direct 
thermal contact with the TED. The TED is then 
biased to provide the cooling necessary to min- 
imize vaporization of interstitial fluids. 

Sandstone samples were used for the prelim- 
inary trials. Pieces of the sample were placed 
in a vacuum and a 2% KC1 solution was imbibed 
into the pore structure of the rock. The vac- 
uum-imbibition technique assured that brine was 
in the pore system of the rock simulating a 
"native-state" rock. A representative chip was 
taken from the rock and mounted in an aluminum 
sample cup with silver paint. The sample cup 
was epoxied to the TED device and thermocouples 
were attached to both the sample surface and 
the substage. The apparatus was then placed in 
an ISI WB-6 SEM, the sample cooled and the vac- 
uum system engaged. The uncoated sample was 
examined using a LaBg gun at 1.5 kV, in secon- 
dary-electron mode, with a vacuum of approxi- 
mately 107° Torr. 

This technique provides quick analysis, re- 
quires no sample preparation, and permits the 
visualization of 'native-state" core with mini- 
mal sample preparation artifacts. The rock/ 
fluid interactions were observed along with 
clays in their hydrated states. Crude oil was 
also imaged on an unconsolidated sand pack, 
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LITHOLOGIC CONTROLS ON ROCK VARNISH FORMATION AS DETERMINED BY SEM 


Robert Raymond Jr. and C. D. Harrington 


Rock varnish is a ubiquitous, manganese- and 
iron-rich coating found on rock exposures in 
arid and semiarid regions. Recent work has 
demonstrated the potential for using rock var- 
nish to date geomorphic surfaces semi-quanti- 
tatively.*~* Such dating relies on ratios of 
minor elements in the varnish [(Ca + K)/Ti] 
calculated for a specific geographic area. 
However, although cation-ratio dating has been 
shown to work empirically, relationships be- 
tween varnish mineralogies, varnish element 
contents, varnish diagenesis, and mechanism of 
varnish formation are not yet understood. In 
addition, it is not clear what effect these 
various varnish attributes have on the elemen- 
tal ratios used in rock varnish dating. We do 
know, however, that the mineralogy, texture, 
and morphology of substrate lithologies may 
greatly affect initial varnish accretion. Un- 
derstanding this effect may help to clarify un- 
certainties that now exist in the empirical 
varnish cation-ratio (VCR) dating technique. 


Methodology 


Samples of rock varnish were collected from 
geomorphic surfaces along Lake Mead in southern 
Nevada, and from surfaces in proximity to Las 
Vegas Wash, a tributary to Lake Mead. Samples 
were collected as whole varnish-coated surface 
clasts or as chips of varnished rock, broken 
from the surface clasts or outcrops of rock. 

To prevent collection of anomalous varnish, 
care was taken to avoid samples adjacent to 
lichens and other vegetation and to varnish 
formed along cracks or on rock surfaces in con- 
tact with soil. Samples were selected to rep- 
resent variable lithologies with the most ma- 
ture (darkest, thickest, and most complete 
coating) varnish development on the surface be- 
ing sampled. 

Although rock varnish may be composed of as 
much as 70% clay minerals, its distribution on 
rock surfaces can be best defined by the pres- 
ence of Mn and Fe oxides, particularly when 
the underlying substrate is deficient in Mn 
and/or Fe. The distribution of Mn and Fe, and 
therefore of rock varnish, can be determined by 
use of energy-dispersive x-ray analysis. Exci- 
tation of substrate elements is avoided during 
VCR dating of varnish surfaces by use of the 
scanning electron microscope (SEM) technique.* 
However, the relationship between varnish ac- 
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cretion and substrate mineralogy can best be 
seen during SEM analysis by use of accelerat- 
ing voltages that completely penetrate var- 
nishes. All elements comprising the varnish 
are then excited, and in rocks that are Mn or 
Fe poor, or in which the Fe is contained in 
specific minerals, it is possible to decipher 
the relative thickness of varnish coat by rel- 
ative intensities of Mn and Fe x-ray maps. 

Varnish distribution was studied with an 
ISI DS-130 SEM both across clast surfaces and 
on polsihed thin sections made perpendicular 
to the varnish/substrate interface. Samples 
were carbon coated prior to analysis. Back- 
scattered secondary-electron (BSE) images were 
digitally acquired on a 512 x 512 pixel array. 
X-ray maps were collected on a 256 x 256 pixel 
array With an acquisition time of 0.03 s/ 
pixel. 


Results 


Rock varnish deposition, whether by inor- 
ganic or biogeochemical processes, occurs ini- 
tially in depressions on a rock surface. 

These are the areas where water accumulates 
first and evaporates last, depositing previous- 
ly soluble Mn and Fe compounds during evapora- 
tion. In hand specimens, such preferential 
deposition of varnish delineates troughs on 

a rock surface by the occurrence of thicker, 
smoother, and darker varnish. On a finer 
scale, small depressions on rock surfaces may 
be preferentially filled during initial var- 
nish accretion when lateral coating is incom- 
plete. In Fig. 1, a small depression on a ba- 
salt surface approximately 2 mm across shows 
preferential varnish deposition relative to 
areas with greater relief on either side of 
the depression. On a much finer scale small 
depressions <50 um across have been preferen- 
tially filled between quartz (Si0,) grains lo- 
cated on the surface of a quartz-rich silit- 
stone (Fig. 2). 

When rock varnish deposition has been mini- 
mal and varnish covers a substrate surface 
incompletely, an opportunity exists to inves- 
tigate whether there is any preferential ac- 
cretion of rock varnish on specific areas of 
a substrate as a result of chemical affinities 
that might exist between rock varnish and dif- 
ferent phases comprising the substrate. Fig- 
ures 3 and 4 are BSE images of a planar view 
and a cross section of a quartz-rich siltstone 
with respective Mn and Si x-ray maps. Figure 
3 appears to show an inverse relationship be- 
tween the very irregular varnish (Mn) occur- 
rence and Si occurrence. However, comparison 
of Mn distribution to Si distribution in Fig. 
4 demonstrates that the relationship seen in 


567 


pe 


FIG, 1.--BSE image and Mn x-ray map of polished cross section of basalt. 
FIG, 2.--BSE image and Mn x-ray map of polished cross section of quartz-rich siltstone. 
FIG, 3.--Mn x-ray map, Si x-ray map, and BSE image of planar view of quartz-rich siltstone 


having discontinuous varnish coat. 


FIG, 4.--Mn x-ray map, Si x-ray map and BSE image of cross section of quartz-rich siltstone 


shown in Fig. 3. 


Fig. 3 results from a lack of accretion of var- 
nish on the quartz grains with greatest relief. 
Quartz grains with less relief and areas be- 
tween quartz grains having the least relief 
have been covered by initial varnish deposition. 
In this particular case the siltstone had been 
cemented with a carbonate cement (CaCO;) which 
has been preferentially eroded from the surface 
by weathering prior to varnish accretion. 
Rather than an inverse relationship betwen 
quartz occurrence and varnish deposition, a di- 
rect relationship exists between varnish deposi- 
tion and the mineralogy of the substrate most 
susceptible to weathering, the carbonate ce- 
ment. The initial size of varnish accretion 
zones is controlled by the grain size of the 
substrate lithology. 

In Figs. 5 and 6, a similar type of rela- 
tionship is shown between varnish occurrence 
and mineralogy for an amphibolite substrate. 

In this case, the inverse relationship appears 


to be strongest between the occurrence of var- 
nish as defined by the Mn x-ray map and the 
minerals containing the greatest Ca and Si 
concentrations, specifically quartz (Si0,) and 
amphibole, €.g., Ca2MgsSigQ02 2 (OH) 2 (Fig. 2 
However, as can be seen in Fig. 6, varnish ac- 
cretion is not controlled by substrate miner- 
alogy but by the relief superimposed on the 
rock following weathering. The grains with 
the most relief, whether quartz or amphibole, 
tend to have the least varnish accretion. In 
this instance, unlike in Fig. 4, accretion 
zones that result from weathering of the sur- 
face are not controlled by mineralogic grain 
size. However, they are controlled by the 
overall fabric of the metamorphic rock, the 
schistocity of which can be seen trending from 
the lower left to the upper right of all im- 
ages in Fig. 5. 

Aithough the substrate in Fig. 5 contains a 
mineral rich in Ca, Ca x rays are essentially 
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FIG, 5.--Mn x-ray map, [Ca + Si] x-ray map, and BSE image of planar view of amphibolite having 
discontinuous varnish coat. 
FIG. 6.--Mn x-ray map, Si x-ray map, and BSE image of cross section of amphibolite shown in 
Fig, Sx 
FIG. 7.--BSE image and Mn x-ray map of basalt with continuous varnish coat. 

FIG. 8.--BSE image and Mn x-ray map of rhyolite tuff with continuous varnish coat. 


nonexistent where the substrate is overlaid by 
even a thin coat of varnish, partly because the 
electron beam cannot penetrate completely 
through the varnish coat, and partly because of 
the very high coefficient of absorption of Mn 
and Fe of the Ca x rays traveling from the sub- 
strate to the surface. With complete varnish 
coats of greater thickness (Figs. 7 and 8) the 
surface microroughness noted in Figs. 2-6 no 
longer affects calculated VCRs. 


Discussion 


Various rock types develop fractured or 
weathered surfaces that relate to the grain 
size, mineralogy, and texture of the rock. 
Rock varnish accretes to surface areas that 
represent depressions relative to immediately 
adjacent substrate, whether on a micrometer or 
centimeter scale. Rock varnish deposition ap- 
pears to be little affected directly by the 
chemistry of substrate mineralogy. However, 
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weathering and erosion, resulting in pitting 
of a mineral surface or the total removal of 
a mineral, provides environments for rock var- 
nish deposition. 

When performing VCR dating on a variety of 
lithologies, one should consider the mineral- 
ogic content of the substrate and the relative 
resistance of these minerals to weathering. 
The occurrence of resistant minerals compris- 
ing topographic highs with chemical composi- 
tions rich in Ca, K, or Ti cause anomalous re- 
sults in VCRs. However, knowledge of such 
possible anomalies permits the choice of li- 
thologies with little problemof substrate inter- 
ference or consideration of the potential for 
such interference when one is analyzing VCRs 
on rocks containing minerals with high Ca, K, 
or Ti contents. Large uncertainties in pre- 
vious duplicate VCR analyses on some varnish 
surfaces may be the result of thin varnish 
coats overlying irregular substrates contain- 


ing such high Ca, K, or Ti contents. Once var- 


nish coats attain substantial thickness, in- 
terference from substrate chemistry appears to 
be negligible. 
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RAMAN SPECTROSCOPY OF ZEOLITES: CHARACTERIZATION OF NATURAL 
ZEOLITES WITH THE LASER RAMAN MICROPROBE 


C. L. Knight, M. A. Williamson, and R. J. Bodnar 


Raman spectra were collected from 14 natural 
zeolites (Table 1) as part of an ongoing proj- 
ect to provide a basis for identification of 
zeolites and to accumulate data for theoretical 
interpretations. Spectral features observed 
for these zeolites occur primarily in the <600 
cm”! structurally sensitive region of the spec- 
trum, facilitating identification of these zeo- 
lites on a structural basis. Although apparent 
relationships between zeolite structure and 
Raman spectra have been noted for some zeolites 
in prior studies, to the authors’ knowledge 
there has been no comprehensive evaluation of 
this relationship to date. 


TABLE 1.--Names, average chemical compositions, 
symmetry, and catalog numbers of zeolite miner- 
als surveyed in this study. Specimens belong 


to the Geological Sciences Museum at VPIGSU, 
and the Geology Department of Radford Univer- 
sity. 


Analcime Nayg(Aly6Si39096) 16H,O cubic B393 
Phillipsite (Na,K),9(AlygSiz20¢) 20H2O =f orthorhombic | B216 
Harmotome |Ba (Al,4Si, 7039):12H,0 orthorhombic {M1207 
Chabazite (Nay,Ca)¢(Al,2Si24072)-40H,0 | trigonal B267 
Gmelinite Nag(Alg$i,¢O4g) 24H,0 hexagonal 64 
Faujasite Nasg(AlsgSi;340394)-240H,0 cubic 1646 
Heulandite | Cag( AlgSig07)-24H,O0 monoclinic 1607 
Stilbite 1Cay(AlgSiygO77) 28H,O monoclinic | 150* 
Natrolite Najg(Al, 6SingQ gp) 16H,O orthorhombic |B208 
Mesolite Nay 6Caj6(AlggSi77O749)-64H,O orthorhombic [D13 
Scolecite Cag(Al, 6Si240g)-24HO monoclinic 1619 
Thomsonite NagCag(AloSingQg)-24H 0 orthorhombic 11609 
Mordenite | Nag(AlgSi,yO9¢) 24H,O orthorhombic {1614 
Epistilbite — | Cag(AlgSi,g04g)-18H,O monoclinic 70 


Experimental Methods 


Raman spectra are collected with an Instru- 
ments SA Ramanor U-1000 laser Raman spectrome- 
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{Typical unit-cell formula Catalog No 


ter coupled with an Olympus BH-2 optical mi- 
croscope. The light source, a Spectra Physics 
model 2016 5W argon laser, is tuned to the ar- 
gon green line at 514.5 nm with a power of 100 
mW measured as the beam enters the microscope. 
Laser light is sent through the 100x objective 
{numerical aperture 0.95) of the microscope 
and onto the sample surface with a laser spot 
<1 um in diameter. Raman scattered light is 
collected from a sample volume of a few cubic 
micrometers, which permits data collection on 
Single crystals as small as 4 wm in diameter. 
The Raman signal is collected through the 100 
objective in a 180° collection geometry and 
passed through the entrance slits (all slits 
open to 300 um) into the Im-focal-length dou- 
ble monochromators of the U-1000 spectrometer. 
The holographic gratings within the spect rome- 
ter are controlled by a dedicated IBM-AT per- 
sonal computer and the ISA Prism software 
package, and are stepped in 2cm™* increments. 
Photon counts are accumulated by an RCA photo- 
multiplier tube for 10 s at each step over the 
spectral range 100-1500 cm™*. Data are stored 
and displayed by the computer. When feasible, 
spectra are taken from different crystallo- 
graphic orientations on the same crystal in 
order to obtain reference spectra that can be 
compared with those of nonisotropic samples of 
unknown orientation. The laser Raman micro- 
probe has distinct advantages over its macro- 
oriented predecessors in this type of study. 
The Raman microprobe can collect these data in 
a completely nondestructive manner on samples 
as small as a few cubic micrometers, with a 
greater signal-to-noise ratio, and can do so 
in situ with little or no sample preparation.* 
These qualities allow Raman microscpectroscopy 
to be easily combined with other microbeam 
techniques in the study of zeolites (see Wil- 
jiamson et al., in this volume) or other 
minerals. 


Dtscusston 


As can be seen in Fig. 1, the Raman bands 
observed for zeolites in this study are almost 
completely restricted to the <600cm™? struc- 
turally sensitive region of the spectrum. 

This restriction implies that differences seen 
in the spectra of these aluminosilicate frame- 
work minerals can be related to differences in 
their structure. Indeed, these zeolites can 
be separated into different structural groups 
sharing common secondary building units (SBUs) 
that correalte with groupings based on similar 
Raman spectral signatures (Table 2). However, 
any band assignments in this region are empir- 
ical by nature as the state of theoretical 
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FIG. 1,--Raman spectra of several natural zeolites over 100-1500cm_ 


TABLE 2,--Structural group, space group, and 
characteristic observed Raman frequencies for 
several natural zeolites. 


SBU Characteristic Raman frequencies (cm!) 
S4R Analcime 389m 482vs 
Phillipsite 424m 479vs 
Harmotome | 426m 483vs 
D6R Chabazite 322w 468s 
Gmelinite 324w 473s 
Faujasite 322w 505s 
4-4-1 Heulandite | 405vs 484s 614m 
Stilbite 410vs 496s 618m 
4-1 Natrolite 123vs 145s 163s 443s 534s 
Mesolite 130vs 162m 186m 448m 534vs 
Scolecite lllvs 142s 158s 436m 53é6vs 
Thomsonite {| 116s 156m 180s 446m 539vs 
5-1 Mordenite 398m 468m 


Epistilbite 


Mesolite 

or Natrolite 

200 800 1400 
. range. 


prediction of the Raman activity of zeolites 
has barely begun to progress beyond isolated 
TO, band assignments.” 

Analcime, harmotome, and phillipsite are 
structurally composed of single rings of four 
tetrahedra (S4R) and share a common spectral 
signature of a very strong band centered at 
480 cm~* accompanied by a lesser peak or 
shoulder at 425 cm™* (389 cm™* for analcime). 
Based on the work of Galeener on silicate-ring 
vibrations in this structurally sensitive re- 
gion, one may assign the 480cm™* band to a 
planar 4-fold ring stretch in which the vibra- 
tion is a result of a breathing motion of the 
oxygen atoms in the planar rings.* Among 
these three spectra, it is interesting to note 
the sharpness of the 480cm™* peak in analcime 
(space group Ia3d), and the relative broaden- 
ing of this peak in the lower-symmetry members 
of this structural group, harmotome and phil- 
lipsite (space group P2i/m). The position of 
the lower frequency peak at 389 cm™~ in anal- 
cime as compared to the 425cm™* peak of harmo- 
tome and phillipsite serves to distinguish 
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analcime from the other members of its group. 
Harmotome and phillipsite, which share a common 
structure, have nearly identical Raman spectra, 
and cannot reliably be distinguished from each 
other. 

Chabazite, gmelinite, and faujasite, struc- 
turally characterized by double six-membered 
rings of tetrahedra (D6R) linked by S4R, are 
spectrally identified by a broad band (or 
grouping of bands) centered in the range of 
470-510 cm™? assigned to 6-fold and 4-fold 
ying stretching,’~° accompanied by a small, 
broad peak centered at 323 cm”? which is ten- 
tatively ascribed to 6-fold ring stretching 
based upon the inverse relationship between 
ring size and stretching-mode frequency ob- 
served by Galeener.? As seen in Fig. 1, the 
strong bands shift to higher frequencies and 
become sharper with increasing symmetry within 
this group: the band centered at 468 cm™* in 
chabazite (space group R3m) shifts to 473 cm” 
in gmelinite (space group P63/mmc) and to 505 
cm~' in faujasite (space group Fd3m). 

Zeolite species structurally characterized 
by the "stilbite unit" (4-4-1) can be distin- 
guished from other structural groups by the 
presence of two strong bands at 410 cm™* and 
496 cm + for stilbite (space group F2/m) and 
405 cm7? and 484 cm™* for heulandite (space 
group Cm), and a third, weak band at 615 cm” 
for both minerals. 

The natrolite structural group, typically 
fibrous minerals comprised of chains of tetra- 
hedra (4-1), is the most Raman active group 
among the natural zeolites. All members of 
this group exhibit several strong, sharp peaks. 
Most prominent characteristic of the group are 
(1) a very strong peak in the range of 110-130 
cm7?, (2) a grouping of strong peaks in the 
range of 145-185 em7*, and (3) a moderate peak 
and strong peak at 443 cm7* and 534 cm7?, re- 
spectively, for natrolite (space group Fdd2), 
448 cm7* and 534 cm7? for mesolite (space group 
Fdd2), 436 cm™? and 536 cm? for scolecite 
(space group Cc), and 446 em~* and 539 cm7* for 
thomsonite (space group Pnn2). 

The Raman spectra of mordenite and epistil- 
bite, structurally composed of 5-membered rings 
of tetrahedra with an additional single tetra- 
hedron (5-1), display two moderate peaks. 
Epistilbite (space group C2/m) displays a broad 
feature in which at least two peaks are dis- 
cernible at 408 cm™+ and 436 cm™*. The higher- 
symmetry mordenite (space group Cmcm) displays 
two moderate peaks at 398 cm™? and 468 cm™*. 
The .400cm™* band in each case is assigned to a 
5-fold ring stretch.° Although the Raman spectrum 
of mordenite is very similar in shape and posi- 
tion of the two main peaks to that of heulan- 
dite, the mordenite spectrum lacks the 615 cm™ 
peak characteristic of the stilbite group. 
Likewise, the spectrum of epistilbite resembles 
that of chabazite in the DOR group. However, 
the peaks for epistilbite occur at lower fre- 
quencies than the comparable peaks of chabazite 
or any other member of the D6R group. 

All spectra contain a band at 1845 cm™/, 
which has been assigned to silicon-nonbonded 
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oxygens at the crystal surface, and_nearly all 
display features in the 950-1250 cm + range 
ascribed to the zeolite-Si-0-Al-chain asym- 


metric stretching modes.*°® 


Conelustons 


Raman spectra of the 14 natural zeolites 
examined permit their classification by struc- 
tural group based on SBU type and, in most 
cases, by individual mineral name. Although 
relationships can be seen between zeolite 
structure and Raman spectra, the lack of theo- 
retical interpretation of this low-frequency 
region places severe restrictions on the in- 
terpretation of the spectral features. It is 
hoped that continuing data collection in this 
field will provide impetus for further devel- 
opment of theoretical models. 
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CHARACTERIZATION OF AUTHIGENIC ZEOLITE PHASES IN VAPOR-DOMINATED 
HYDROTHERMAL SYSTEMS WITH MICRO-RAMAN SPECTROSCOPY 


M. A. Williamson and C. L. Knight 


The employment of nondestructive analytical 
techniques to determine the chemical composi- 
tion of solid, gaseous, and liquid materials 
has received ever increasing attention in the 
geological sciences. With respect to hydro- 
thermal systems, in situ characterization of 
micron-sized occurrences of alteration products 
from hydrothermal systems is both difficult and 
increasingly important. The Raman microprobe 
is well suited for such analyses. The examina- 
tion and identification of very tiny authigen- 
ically formed phases (e.g., zeolites) in inti- 
mate association with host material is possi- 
ble. Hence, a detailed examination might be 
carried out of the mineral-mineral interactions 
that accompany the transfer of mass in a therm- 
al gradient. The purpose of this communication 
is to report on continuing efforts to identify 
the alteration minerals produced by an experi- 
ment to simulate mass-transfer processes in a 
thermal gradient. Efforts to date have iden- 
tified the presence of faujasite, stilbite, 

and feldspar as authigenic minerals. Zeolite 
growth was observed to be most commonly asso- 
ciated with a feldspar substrate, which sug- 
gests that an epitaxial nucleation may be an 
important factor in localizing zeolite forma- 
tion. 

Mass transport in a thermal gradient is a 
significant source of geochemical differentia- 
tion in the earth. The coupling of heat and 
mass flow in a liquid + vapor system in near- 
surface rocks is a common process in present- 
day vapor-dominated hydrothermal systems or 
some of their ancient counterparts, epithermal 
gold deposits. Placement of high-level radio- 
active waste cannisters in the partly saturated 
tuffs of Yucca Mountain, Nev. will result in a 
steep thermal gradient and possibly an analog 
of these natural processes. 

Vapor-dominated geothermal systems are found 
in areas of high heat flow in rocks where the 
groundwater recharge is generally exceeded by 
the heat-driven discharge to surfacial environ- 
ments. Under these conditions, a vapor zone 
develops where the interstitial spaces of the 
rock are filled with both vapor and liquid 
water, in proportions governed by a complex in- 
terplay of heat flux, mass flux, and rock per- 
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meability.+ These systems are divided into 
two geochemical zones: a boiling and a conden- 
sation zone. Boiling of slightly alkaline, 
dilute chloride solutions in the liquid-dom- 
inated portion of the system will produce, in 
the absence of sulfur species, a CO,-rich va- 
por phase that travels upward and laterally 
until it condenses. Assuming that the conden- 
sate does not react with the oxidizing shallow 
seated groundwater, a slightly acidic bicar- 
bonate solution results, producing mild alter- 
ation conditions. Consequently, efforts in 
the VPI&SU Department of Geological Sciences 
have resulted in the design of an experiment 
to simulate the coupled heat and mass flow in 
a vapor-dominated system composed of Yucca 
Mountain tuffs. 

A Vertical Thermal Gradient Experiment 
(VIGE) , designed and operated at VPI&SU, du- 
plicates the heat source (waste cannisters) at 
the base of a column of tuff and imitates a 
zone of conductive cooling through an imperme- 
able, confining material (Fig. 1).7 As con- 
densed, mildly acidic solutions trickle down- 
ward, they react with tuff grains used as the 
charge in the apparatus, leaching alkali and 
alkaline earth elements and silica. Subsequent 
refluxing of these solutions acts to produce 
supersaturated conditions with respect to amor- 
phous silica, clays, and zeolites, which are 
precipitated in the liquid dominated portion of 
the system. Reported here is a method to iden- 
tify the authigenic zeolite phases produced in 
this experiment. It is expected that this 
technique will be quite useful for identifying 
similar phases formed in natural systems. 


Experimental 


Nonlithophysal tuff from the Topopah Springs 
member of the Yucca Mountain tuffs of Nev. was 
crushed and sieved to a size fraction less 
than 2 mm. Fine-grained material was then 
washed from the surfaces of the grains with 
successive washings of 400cm* portions of the 
solids by stirring into 1500 cm*® of distilled- 
deionized water, in a column 18 cm high. The 
agitated mixture was allowed to settle for 1 
min and the suspended fines were decanted. 
Three washings were used for each 400cm* por- 
tion of crushed and sieved tuff. Following 
drying at 100 C, secondary electron microscop- 
ic (SEM) examination of the unreacted material 
indicated that fines had been effectively re- 
moved. Permeability and porosity determina- 
tion were made on the material of 0,0385 cm- 
sec’ and 45%, respectively. 

Initially, 80% of the pore volume of the 
3700cm> run solids was filled with deionized 
water. The apparatus was run for 31 days. At 
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FIG, 1,.--Sche- 
matic of ver- 
tical thermal 
gradient ex- 
periment. Crit- 
ical parts of 
design are 
heating appara- 
tus A, column 
of solids to be 
reacted B, 
cooling assem- 
bly C. 


the termination of the run, the column of re- 
acted tuff (4 x 21 in.) was sectioned into 
seven 3in parcels and dried at room tempera- 
ture. 

Tuff grains from all seven sampling zones 
were mounted for SEM analysis. Raman spectra 
were obtained for mineral grains observed to be 
growing on the surface of the reacted tuff with 
an Instruments SA Raman spectroscopy system. 
This system was comprised of a Jorbin Yvon mod- 
el U100 optical bench interfaced to an Olympus 
BH-2 microscope equipped with 100x objective. 
Excitation was achieved with a Spectra-Physics 
model 2016 argon laser, tuned to the 514.5nm 
line, at 100 mW to the microscope. A dedicated 
IBM AT was employed for instrument control and 
data acquisition via Instruments SA supplied 
software routines. 

Raman spectra for the authigenic grains were 
recorded from 100 to 1500 Rem™*, where Rem™* 
indicates the Raman shift frequency. Scans 
were produced by stepping 2 Rem™* and counting 
for 2 s at each step. As the scattering cross 
section for zeolites is very low, a spectral 
addition of five scans was used, which resulted 
in optimal signal-to-noise ratios and the most 
reproducible spectral results. 


Results and Discussion 


All reacted tuff sections were examined by 
SEM. Iron hydroxides and amorphous silica 
coatings were noted to be ubiquitous through- 
out, with the formation of micron-sized single- 
crystal alteration products in the lowest sec- 
tion. Examination of the lowest section of the 
column of reacted tuff revealed the occurrence 
of phases not observed prior to reaction. 
Amorphous silica and platy clay-like materials 
were noted, in addition to well-developed 
crystalline materials whose habit suggested a 
zeolite mineral. The appearance of one of the 
alteration products (Fig. 2) markedly resembled 
the fibrous habit of silbite 
((NaCa,) [AlsSi13036])°16 H20). Although the 
likely identity of this material was developed 
with SEM, that alone was not conclusive; nor 
could the precipitation site be evaluated by 
this approach. 

Grains mounted on the stage of the Instru- 
ments SA micro-Raman system provided informa- 
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tion not obtainable by SEM examination. Edges 
of reacted tuff grains were illuminated with 
transmitted light, which threw the authigenic 
mineral grains into sharp relief. Grains were 
observed to be transparent to partially cloud- 
ed and ranged in size from <0.5 to 5 ym. Of- 
ten the grains possessed a '"'sheaf-of-wheat" 
shape in cross section, such that the direc- 
tion of elongation was perpendicular to the 
surface on which they were observed to occur. 
The spatial relationship between these elon- 
gate grains and the surface of the mount was 
considered to be indicative of the authigenic 
nature of the grains. In the overwhelming 
majority of the occurrences, the authigenic 
phases were noted on a translucent substrate 
that regularly displayed two cleavages and 
fluid inclusions. 

A Raman spectrum was recorded for one par- 
ticularly well-developed grain about 3 pm in 
size and is displayed in Fig. 3(a}). Well-re- 
solved peaks at 414, 480, and 514 cm™* were 
noted, with minor signals slightly exceeding 
noise levels between 200 and 400 cm™+. The 
deflection at 514 cm”! was thought to be rep- 
resentative of feldspar. Numerous Raman spec- 
tra for feldspars recorded at this laboratory 
have consistently shown this peak as a charac- 
teristic feature of feldspar minerals, regard- 
less of specific composition. A spectrum of 
plagioclase is shown in Fig. 3(d) and is typi- 
cal of all feldspars we have observed. In- 
deed, comparison of the Raman spectrum for the 
substrate mineral (Fig. 3b) with that of pla- 
gioclase shows an almost identical match for 
shift frequencies of 159, 282, 476, and 514 
cm7', We conclude that presence of the 514 
514cm7* band in the authigenic mineral spec- 
trum is representative of "contamination" by 
the substrate mineral. This is not a surpris- 
ing result as the analytical volume of excita- 
tion by the laser source would likely extend 
to some degree beyond that defined by the mi- 
cron-sized mineral grain. Thus, the signal 
observed in the spectrum of the authigenic 
grain is attributed to feldspar. 

Remaining signals at 414 and 480 cm“ cor- 
relate well with frequencies observed for zeo- 
lites of Group 7, where the group labeling is 
consistent with that denoted by Mumpton in 
1977.3 This group, the clinoptilolite group, 
includes stilbite (see Knight et al., this 
volume). The correlation of the strongest 
spectrum signal at 414 cm™? with 410 cm™? 
noted in stilbite is good (Fig. 3c). The pri- 
mary spectral deflection at 405 cm™* for clin- 
optilolite and heulandite does not support 
these choices for the identity of the authi- 
genic grain. Inspection of the spectrum for 
stilbite reveals fine structure at 458 cm™?+ 
that is not observed for experimental-run 
products. The low signal-to-noise (S/N) ratio 
of the run product spectrum compared to the 
far greater S/N of the standard is thought to 
be responsible for the lack of detection of 
this minor peak. From our experience, with 
respect to natural zeolite minerals, the posi- 
tion of the most intense band in the spectrum 
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FIG, 3.--Raman spectra of (a) authigenic mineral grain, (b) substrate on which (a) formed, 


(c) stilbite, (d) plagioclase. 


is the most useful in determining its identity; 
and when this factor is couples with SEM crys- 
tal habit observation and reactor thermal con- 
ditions that are in agreement with observed 
formation of stilbite in Iceland,* we conclude 
that authigenic mineral grain is stilbite. 
However, the displacement of the authigenic 
480cm”* peak relative to the determined 496 
cm + for stilbite is not clearly understood at 
this time. The role of cations held in pore 
spaces is not certain and is currently under 
investigation. It is worth noting that initial 
SEM observation of crystal habit is nicely com- 
plemented by the structural information provid- 
ed by Raman microprobe analysis. Use of Raman 
spectroscopy revealed vibrational frequencies 
for the material not in complete agrement with 
those observed for museum samples of stilbite 
and is therefore more specific in its analysis 
than SEM or electron microprobe. 

A particularly large, well-developed authi- 
genic grain was observed and noted to be par- 
ticularly elongate (2x6 um), oriented so that 
the direction of elongation was perpendicular 
to the substrate surface. Examination of the 


grain (Fig. 4a) yielded conclusive results. 
The occurrence of a very sharp band at 506 
cm7* coupled with a second minor deflection at 
844 cm™* indicated the occurrence of a group 4 
zeolite. The Raman spectra for minerals of 
this group (chabazite, faujasite, and gmeli- 
nite) are easily resolved based on the ob- 
served direct relationship between degree of 
symmetry and frequency position of the 460- 
529cm™* deflection (Knight et al., this vol- 
ume). The position of a strong band at 506 
cm7+ compared to 505 cm? for faujasite (Fig. 
4b), coupled with the modest signal at 844 
em7*, is definitive in identifying this ana- 
lyte as faujasite ((Na,Ca) [Al2Si,012]-8H20). 
Examination of the substrate on which this ma- 
terial formed produced another spectrum of a 
feldspar mineral. A spectrum of this mineral 
is not reproduced here, as it is very similar 
to that shown in Fig. 3(d). 

In addition to identifying feldspar as the 
endogenic substrate for authigenic zeolite 
formation, numerous occurrences of authigenic 
feldspar were noted. Feldspar produced during 
the experimental run was typically 


377 


small (2 x 2 um) relative to the feldspar that 
acted as a substrate (15 x 15 um), but pro- 
duced Raman spectra similar to Fig. 3(d). 
Authigenic varieties were nearly equiangular 
compared to the more elongate forms of zeolites 
described above. 


Cone lustons 


In situ characterization of zeolite altera- 
tion minerals as products in a hydrothermally 
altered geologic material is possible with mi- 
cro-Raman spectroscopic techniques. The abil- 
ity to evaluate the nature of the substrate on 
which such minerals precipitated is also possi- 
ble and may provide insight into control mech- 
anisms for zeolite formation in these environ- 
ments. The specific structural information 
that is obtainable with micro-Raman spectros- 
copy enables a more reliable identification of 
alteration minerals and can be used to comple- 
ment either SEM or electron microprobe analy- 
ses. Zeolite alteration minerals identified 
for Yucca Mountain, Nev., tuffs exposed to a 
vertical thermal gradient include faujasite 
and a group 7 zeolite here identified as stil- 
bite. Zeolite growth was most commonly asso- 
ciated with feldspars, which suggests that epi- 
taxial nucleation may be an important factor in 
localizing authigenic zeolite formation. 

Raman microspectroscopy promises to be a 
useful technique for the identification of al- 
teration minerals in a hydrothermal environ- 
ment. Qualitative description of authigenic 
phases with this technique will be a solid con. 
plement to SEM and electron microprobe analy- 
sis and will yield structural information of 
great value. 
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FIG. 4,.--Raman spectra of (a) authigenic min- 
eral grain, (b) faujasite. 
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FOURIER-TRANSFORM INFRARED (FTIR) MICROSPECTROMETRY OF INDIVIDUAL 
PETROLEUM FLUID INCLUSIONS IN GEOLOGICAL SAMPLES 


M. R. O'Grady, R. J. Bodnar, J. W. Hellgeth, 


Petroleum-filled fluid inclusions trapped in 
minerals from the sedimentary environment pro- 
vide direct evidence for the migration of pe- 
troleum through the rocks at some unknown time 
in the geologic past. The migration and matu- 
ration history of the oils may be inferred and 
used subsequently to develop an exploration 
model for economic oil occurrences if temporal 
and spatial variations in compositions of pe- 
troleum inclusions are known. Fourier Trans- 
form Infrared (FTIR) microspectrometry is 
ideal for determining compositions of individ- 
ual petroleum fluid inclusions, as many impor- 
tant petroleum components exhibit characteris- 
tic infrared absorption bands. In addition, 
the technique permits rapid and nondestructive 
analysis. We have used FTIR microspectrometry 
to analyze petroleum fluid inclusions in ha- 
lite obtained from well cuttings and have com- 
pared these results with analyses of bulk oil 
samples obtained from the same wells to con- 
firm that the bulk 011 samples have preferen- 
tially lost carbon dioxide, methane, and aro- 
matic components as a result of decompression 
during and following sampling. 

When a crystal grows in the presence of a 
fluid phase, some of the fluid is trapped as 
imperfections in the growing crystal to form 
fluid inclusions.? These primary fluid inclu- 
sions, trapped during initial growth of the 
host mineral phase, provide a microsample of 
the fluid from which the mineral precipitated. 
The composition of the fluid in the inclusion 
and the temperature and pressure (depth) at 
which the mineral and inclusion formed can be 
determined by standard microchemical and micro- 
thermometric techniques. Occasionally, a sec- 
ond immiscible fluid present during crystal 
growth may be trapped as inclusions. Although 
these inclusions exhibit petrographic charac- 
teristics of primary inclusions and were 
trapped during growth of the crystal, they do 
not represent the fluid from which the bulk of 
the mineral was precipitating. Petroleum fluid 
inclusions trapped along growth surfaces in 
minerals that were being precipitated from an 
aqueous brine are an example of this type of 
inclusion. 

If the host mineral fractures at some time 
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after its formation, smal] amounts of fluid 
surrounding the crystal may enter the fracture 
and be trapped as secondary fluid inclusions 
as the fracture heals. These inclusions pro- 
vide a sample of the fluid that bathed the 
crystal at some time after its formation. 
Secondary inclusions may be trapped hundreds of 
millions of years later, and might contain flu- 
ids significantly different from those from 
which the crystal originally precipitated. 
Petroleum inclusions trapped along fractures 
in quartz grains in a sandstone are an example 
of secondary inclusions formed long after the 
host quartz grains. 

Fluid inclusions provide one of the best 
tools available for determining the physical 
and chemical conditions attending a variety of 
geologic processes. In recent years, the use 
of fluid inclusion techniques to study mineral 
diagenesis and petroleum generation and migra- 
tion in sedimentary basins has become common, 
Primary aqueous fluid inclusions in over- 
growths on detrital grains, in cements in 
clastic rocks, and in fracture-filling miner- 
als can provide valuable information on the 
P-T conditions of mineral formation, as well 
as compositions of diagenetic fluids. 

Petroleum inclusions are often found coex- 
isting with aqueous inclusions in cements and 
fracture-filling minerals from sedimentary 
basins. The presence of hydrocarbon (petrol- 
eum) inclusions provides definitive evidence 
that petroleum has migrated through the rock 
at some time in the past. By relating the 
paragenesis of the oil inclusions to other 
structural and chemical features, the timing 
of oi11 migration relative to these events may 
be determined, and microthermometric data ob- 
tained from coexisting aqueous and petroleum 
fluid inclusions may be used to determine the 
temperature and pressure conditions of oil 
migration.?>3 

Generally, hydrocarbon inclusions are recog- 
nized based on their color in plain, trans- 
mitted light. Whereas aqueous inclusions are 
almost always clear and colorless, the oil in- 
clusions are often a dull yellow to orange to 
dark brown color in plain (white) transmitted 
light and are readily distinguished from their 
aqueous counterparts. Occasionally very small 
and/or flat petroleum inclusions are clear and 
colorless and indistinguishable from simple 
aqueous inclusions in plain, transmitted 
light. These clear, colorless oil inclusions 
are easily distinguished from similar appear- 
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Comparison of spectra obtained from three 
bulk oil samples (Fig. 2b-d) with the inclu- 
sion spectrum (Fig. 2a) shows several obvious 
differences. Absorption bands at 2337 and 
1300 cm7! are absent in the bulk oil spectra; 
they correspond to CO, as described above and 
to CHy, respectively. The absence of absor- 
bances above 3000 cm™” reflects the lack of 
aromatic components and methane. The absence 
of an aromatic component is supported by the 
fact that the bulk 011 samples do not fluoresce 
under UV illumination. These differences are 
consistent with the loss of the more volatile 
components CO,, CHy, and aromatics during de- 
compression and sampling as the oil approaches 
the surface. Also note that oil 3 shows a 
small but recognizable absorbance at %1700 
cm71, attributed to carbonyl stretch, which 
suggests that the oil may have been oxidized 
by interaction with oxygenated groundwaters or 
rocks in the reservoir. 


Conelustons 


FTIR microspectrometry provides a rapid, 
nondestructive technique for the analysis of 
petroleum fluid inclusions in natural mineral 
samples. Halite is the ideal host mineral 
phase for FTIR microspectrometry analysis of 
petroleum fluid inclusions because of its 
transparency over the mid-infrared range. 
Fluorite is transparent over most of the same 
range, whereas quartz and calcite exhibit only 
limited "windows" in the range of interest, 
which limits the amount of information poten- 
tially available from oil inclusions in these 
two minerals. 

Compared to petroleum inclusions, bulk 011 
samples obtained from the same wells have pref- 
erentially lost the lighter hydrocarbon compon- 
ents methane and carbon dioxide, as well as the 
important aromatic components. Thus, when 
using data obtained from bulk oil samples to 
determine compositions of oils from which PVT 
properties are to be calculated, one must es- 
timate the amount and nature of the lost light 
components and add these components back into 
the bulk composition for a closer representa- 
tion of the composition of the oil in the in- 
clusion. Comparison of FTIR spectra of inclu- 
sions with spectra for different bulk oil sam- 
ples from the same well or reservoir can pro- 
vide constraints on the maturation and fluid 
flow history of petroleum in the reservoir. 
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ANALYSIS OF FLUID INCLUSIONS IN OCEANIC ROCKS BY LASER RAMAN MICROPROBE TECHNIQUES 


D. A. Vanko and C. L. Knight 


Fluid inclusions in oceanic rocks are studied 
in a variety of ways, including observation of 
phase changes during controlled heating and 
freezing on a microscope stage and during 
crushing. We have used laser Raman spectros- 
copy by laser Raman microprobe (LRM) to help 
characterize nondestructively the presence and 
distribution of Raman-active chemical species 
in these fluid inclusions. 

Many rocks that are dredged, drilled, or 
otherwise sampled from the ocean floor have 
been exposed at some time in their history to 
hydrothermal fluids,’ the result of which is a 
metamorphism of the rocks characterized by cor- 
rosion of primary magmatic minerals and re- 
placement by new minerals. In some cases, hy- 
drothermal fluid flow through the rocks is ef- 
fected along a system of interconnected frac- 
tures; the evidence is that some fractures are 
subsequently "fossilized" by getting infilled 
with new minerals. In both cases, whether new 
minerals replace old ones or grow in a frac- 
ture, primary fluids may be trapped as micro- 
scopic inclusions.? The analysis of these flu- 
id inclusions yields information on the physi- 
cal and chemical conditions that were in effect 
during the hydrothermal activity. 

Two major reservoirs are available for sup- 
plying hydrothermal fluids in an oceanic set- 
ting: the seawater reservoir and the reservoir 
of trace volatiles resident in the earth's up- 
per mantle. The seawater reservoir is well 
characterized and of relatively constant start- 
ing composition. In a neovolcanic portion of 
the seafloor, cold seawater invades the newly 
formed and fractured oceanic crust. It is 
heated by conduction and begins to react with 
the volcanic rocks, primarily oxidizing them 
and exchanging cationic species such as Mg** 
for Cat* and Nat, As the fluid continues to 
heat and penetrates further, it reacts more 
vigorously with the oceanic rocks and leaches 
trace metals. At some region deep in the 
crust (estimated to be around 2 km), the hydro- 
thermal fluid attains such buoyancy that it 
flows convectively upwards, to emerge at the 
seafloor as a hydrothermal hot spring. Ob- 
served temperatures of hot springs in the deep 
sea are typically 250-350 C, with boiling in- 
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hibited by the large ambient hydrostatic pres- 
sure. Upon quenching at the seafloor by the 
cold ocean, the hydrothermal fluid becomes 
saturated in minerals that were soluble at 
temperature, and large chimney structures 
bearing metal sulfides are constructed. 

In contrast to seawater-derived hydrotherm- 
al fluids, mantle-derived fluids owe their 
origin to concentration of magmatic volatiles 
during the crystallization of primary magma 
deep in the crust. The volatiles commonly 
thought to be important are H,0, CO,, and les- 
ser amounts of H,, CO, CH,, Cl, F, and H2S. 
Also in contrast to the seawater hydrothermal 
systems, magmatic volatiles are thought to be 
much more restricted in volume and distribu- 
tion. 

The detection of traces of gases that are 
characteristic for magmatic volatiles is one 
means to classify natural oceanic fluid in- 
clusions as being part of a magmatic rather 
than a seawater hydrothermal system. This in- 
formation is important especially for fluids 
in deep crustal oceanic rocks (gabbros, dia- 
base), as the nature of deep crustal fluids 
(more than about 2 km deep) is controversial. 
LRM is a quick and nondestructive means to 
test for the presence and relative abundance 
of "magmatic" gases, because CO,, CHy,, CO, 

H,, and H,S are Raman active. 


Methods 


Fluid inclusions are analyzed with an In- 
struments S.A. Ramanour U-1000 microprobe 
equipped with a double-monochromator spectrom- 
eter, an Olympus BH-2 microscope, and a Spec- 
traphysics Model 2016 5W Ar laser. Sample 
preparation consists of slicing the inclusion- 
bearing rocks into thin wafers, typically 
0.05-0.10 mm thick, and polishing both sides 
with lum diamond paste. The resulting wafers 
are transparent and can be examined in plane- 
polarized and doubly polarized transmitted 
light to locate appropriate fluid inclusions. 
These inclusions are individually relocated 
in transmitted light on the microscope stage 
of the LRM, and then irradiated with the 
514.5nm laser light, which is focused through 
the light microscope optics onto the inclusion. 
Backscattered light is then collected through 
the microscope optics and directed into the 
spectrometer for analysis. 


Results 


Fluid inclusions in quartz veins of sea- 
water-type hydrothermal origin consistently 
test negative for the presence of Raman-active 
gases such as CO,, CHy, and H,S, even for va- 
por-rich inclusions that formed from a two- 
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FIG. 1.--Raman spectrum for small birefringent daughter crystal in fluid inclusion in primary 
plagioclase, identified as carbonate (probably calcite) because of sharp strong symmetric 
stretch mode at 1088 cm™', and weaker in-plane bend mode at 714 eno?" 
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FIGURE 2.--Raman spectrum for fluid inclusion in quartz showing methane peak at 2917 em™*, 
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latter case, had gases been present in minute spectra study," Am. Mtneralogtst 
quantities, they would be expected to frac- 589, 1985. 
tionate strongly to the vapor phase and be de- 

tected in vapor-rich inclusions. The fact 

that gases are undetected is consistent with 

analyses of actual deep-sea hot spring fluids, 

which are modified seawater solutions. Typi- 

cally, they contain H, and CH, in the range 

107° to 107* mol/kg and CO, around 107° mol/ 

kg.* Such small amounts of gas are three to 

four orders of magnitude below the detection 

limit of LRM (detection limits are about 1 

mole %, or 5 x 107? mol/kg for CO, or CHy). 

Some fluid inclusions in magmatic and meta- 
morphic minerals in oceanic gabbros contain de- 
tectable gases interpreted to be of magmatic 
origin. Gabbros from the Indian Ocean 12 mil- 
lion years old, drilled at Site 735B of the 
Ocean Drilling Program, contain aqueous fluid 
inclusions in primary and secondary plagio- 
clase, primary quartz, and secondary horn- 
blende. Many inclusions of the earliest gener- 
ations contain daughter crystals (Fig. 1). The 
fluids in primary plagioclase and quartz expand 
on crushing owing to the presence of compressed 
gases, but crushing is destructive and cannot 
reveal the type of gas present. LRM analyses 
of these inclusions consistently reveals the 
presence of methane, but no other common gases 
(Fig. 2). Identification of methane is sup- 
ported by cooling experiments, where a clath- 
rate is observed that dissociates at tempera- 
tures up to +24 C. Methane clathrate is the 
only common one to remain stable up to such a 
high temperature. 

Fluid inclusions in vein diopside from the 
same drillhole were analyzed by LRM and found 
to be devoid of detectable methane or other 
common gases. This result suggests that diop- 
side-bearing veins are related to a seawater- 
type hydrothermal system instead of a magmatic- 
volatile system, 

In conclusion, the LRM technique is useful 
for detecting in fluid inclusions gases that 
originate as magmatic volatiles. This tech- 
nique enables petrologic features associated 
with the inclusions to be recognized as either 
magmatic or seawater-derived hydrothermal. As 
a result the origin and evolution of ocean 
crustal fluids, which are so important in sever- 
al processes such as metal sulfide deposition, 
can be inferred. 
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15 
Secondary Ion Mass Spectroscopy 


ADVANCED IMAGING AND ANALYSIS TECHNIQUES WITH A SCANNING ION MICROPROBE 


J. M. Chabala, R. Levi-Setti, and Y. L. Wang 


The principles and mechanics of imaging micro- 
analysis with scanning ion microprobes have 
been extensively discussed for over two dec- 
ades. In 1967 Liebl described the first scan- 
ning ion microprobe system that utilized secon- 
dary ion mass spectrometry (SIMS, magnetic sec- 
tor) for materials analysis.* The lateral res- 
olution of this pioneering instrument was less 
than 1.6 pm--comparable to the resolution of 
several commercial direct imaging and scanning 
ion microscopes currently available. Following 
this invention, numerous improvements in source 
brightness,? image resolution,*® and SIMS sensi- 
tivity were achieved. The theoretical founda- 
tion of lateral image resolution attainable 
with these machines, which depends strongly on 
SIMS signal statistics, has been explored.*~° 

Although it is a mature field, advances in 
scanning ion microanalysis continue to occur. 
In this essay, we report several technologies 
recently developed at the University of Chicago- 
Enrico Fermi Institute Focused Ion Beam Facil- 
ity that have been applied to our high~-lateral- 
resolution analytical scanning ion microprobe 
(UC SIM). We demonstrate an efficient method 
to obtain parallel mass-resolved images when 
using an RF quadrupole mass spectrometer, and 
describe a mass peak switching procedure that 
is useful for depth profiling. We describe di- 
rected-probe vector scan modes that often hold 
advantages over conventional raster-scan anal- 
ysis. Finally, we outline several development 
programs, near fruition, that should further 
improve the analytical capabilities of this in- 
strument. A companion article in this volume 
by our group, "The use of focused heavy ion 
beams for submicrometer imaging microanalysis," 
discusses applications of conventional high- 
resolution SIMS imaging. 


Overvtew: The UC Scanning Ion Microprobe 


We assume that the reader is familiar with 
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the basic design of the University of Chicago 
Scanning Ion Microprobe. For details, refer 
to our second article in this volume, men- 
tioned above, which contains a diagram indi- 
cating the relationships between the function- 
al components of this instrument; or consult 
Refs. 3, 5, and 6. Several features of the 

UC SIM are relevant to the present discussion. 


1. The primary ion optical column gener-~ 
ates a beam of heavy ions, typically Gat, that 
can be focused to a spot less than 20 nm in 
diameter.* This diameter, defining the best 
image resolution possible with the UC SIM, 
matches the practical limit imposed by the 
lateral spread of the bombarding-ion-induced 
collisional cascade’ and by considerations of 
secondary ion signal statistics.° Even if 
some lateral resolution (edge definition) must 
be sacrificed, as occurs when our parallel 
mass-resolved imaging scheme is employed, im- 
age resolution can still be 100 nm or better. 

2. The SIMS system consists of an RF quad- 
rupole mass spectrometer integrated with ion 
collection and transport optics. The detec- 
tion efficiency of this system (0.2%) com- 
pares favorably with that of similarly config- 
ured instruments. As a result of this good 
efficiency, the probe can be manipulated rap- 
idly over a sample surface without forfeiting 
meaningful signal statistics. 

3. The probe can be scanned either by dedi- 
cated X-Y (square) raster electronics or by a 
programmable (68020 microprocessor-based) pat- 
tern generator, ° which is in turn controlled 
by a digital image processor® fully interfaced 
to the microprobe SIMS system, as described 
below. The first scan method (dedicated ras- 
ter electronics) has been used successfully 
since the first operation of the UC SIM. With 
use of the image processor scan control, more 
sophisticated analytical imaging is possible. 

4. We have recently supplemented the RF 
quadrupole spectrometer? with a custom-de- 
signed mass peak switcher. When appropriate 
trigger signals have been received, the peak 
switcher, using CMOS technology integrated 
circuit switches, rapidly tunes the spectrome- 
ter through a sequence of up to four mass-to- 
charge ratios. (More ratios can be implement- 
ed with minimal recircuiting.) The masses to 
be analyzed are readily selected with four 
calibrated potentiometers. The spectrometer 
can readjust to filter a different ion species 
in a time estimated to be less than 5 us. 
However, the minimal effective switch time is 
dictated by the transit time for ions through 
the quadrupole.® This time varies, of course, 
according to ion energy and (mass)1/?, in gen- 
eral, ions require no longer than 100 us to 


traverse the quadrupole in our system. During 
this effective switch time, the SIMS signal can 
be automatically quenched by a gating procedure 
or by beam blanking. The switch interval is so 
short that quenching is usually unnecessary. 


It is significant that the mass peak switch- 
ing hardware installed in the UC SIM is not 
hampered by hysteresis delays that occur during 
the tuning of single-focus magnetic sector 
spectrometers. Time of flight’® and multiple 
focus magnetic’* spectrometers permit true 
parallel mass (several masses at one time) 
SIMS. The microsecond-period mass switching 
SIMS system described here comes close to this 
ideal. 


Parallel Mass-resolved Imaging 


Given the mass peak switching capability in- 
troduced above, several parallel mass-resolved 
imaging procedures could be adopted. As a fur- 
ther restriction, we require that each set of 
parallel SIMS images (maps) be derived from the 
same surface layers. If SIMS maps are sequen- 
tially acquired by multiple scans, as is the 
conventional methodology, each noncontemporan- 
eous map is a record of a possibly changed en- 
vironment at a different eroded depth. Fur- 
thermore, in order to minimize the consumption 
of material by erosion, it is desirable to ob- 
tain multimass distributions in the same time 
as is necessary to acquire a Single-mass map 
(for the UC SIM, <524 s). Finally, the secon- 
dary ion signal per probe raster position must 
be the same as that for a single-mass map, 
otherwise the reduced signal statistics (and 
therefore image resolution) could nullify any 
gain earned by peak switching. 

Figure 1 describes the mass peak switching 
protocol we use for two-mass parallel imaging. 
The field of view is encompassed by 512 x 512 
or 1024 x 1024 probe raster positions, as for 
single-mass imaging. The spectrometer is set 
to transmit either M1 or M2 for each odd or 
even numbered line, respectively. The spec- 
trometer mass tuning is changed only once per 
line; consequently, the SIMS "dead time," the 
switching time during which the SIMS signal is 
quenched, is low. The SIMS signal, in the 
form of digital pulses from a channel electron 
multiplier operated in pulse-detection mode, is 
stored directly in arrays of memory in the im- 
age processor. Because no intervening image 
conversions are necessary (for example, no 
video cameras or resistive anode detectors are 
used), no degradation of SIMS data integrity 
can occur. Within the image processor, the two 
interlaced maps are stripped apart and sepa- 
rately displayed (Fig. 1), a process that re- 
quires a fraction of a second. To aid inter- 
pretation, the two maps can be color-coded and 
superimposed, either during the image accumu- 
lation scan or afterward. 

In theory, following this exercise the image 
resolution (edge definition) of edges lying 
parallel to the x axis is larger by a factor 
<2 times than that of edges lying parallel to 
the y axis, i.e., vertical lines are "sharper" 
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PARALLEL MASS-RESOLVED IMAGING 
Rapid Mass Peak Switching (< 0.1 ms) 
Using an RF Quadrupole Spectrometer 
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FIG. 1.--Schematic illustration of two-mass 


parallel SIMS imaging scheme employed in UC 
scanning ion microprobe system. 
than horizontal ones.° In practice, this com- 
promise is not important, as illustrated by 
the two pairs of parallel mass-resolved images 
in Fig. 2. These images have not been doc- 
tored by any image-processing techniques such 
as edge enhancement. The first two images are 
concurrently acquired a Fd (Fig, 2a) and 

Al* (Fig. 2b) maps of the clean surface of 
anAl0.24wt%Li alloy. The scale bars within 
these maps correspond to 1 um. Large rounded 
zones devoid of Li but still rich in Al, as 
well as myriad submicrometer details, are evi- 
dent. Under the experimental conditions of 
this measurement (512 x 512 probe settings, 
35mm FWHM probe diameter), one computes com- 
parable resolutions along the x and y axes 
(vertical edge definition ~ 45 nm, horizontal 
~ 55 nm), which can be confirmed by direct 
measurements of the images. 

Figures 2(c) and (d) show maps resulting 
from one scan of a spread of cubic monosize 
silver bromide photocrystals with buried 
iodide.** Submicrometer-size emulsion crys- 
tals, of which this is an example, often ex- 
hibit large sputtering yields and are prone to 
amorphization if they receive large ion 
doses/time. For such samples, recourse to 
parallel mass imaging is necessary. Compari- 
son with sequentially acquired single-mass 
maps of the same material, as shown in ''The 
use of focused heavy ion beams for submicrome- 
ter imaging microanalysis" (this volume), re- 
veals no apparent loss in image quality, even 
for the low-signal-statistics 1*’I"map (Fig. 
2d). 

Three- and four-mass parallel imaging is 
performed according to the plans shown in Fig. 
3. Two methods for four-mass imaging have 
been explored. In the second (lower right, 
Fig. 3), each horizontal line is scanned twice 


FIG, 2,--Examples of parallel mass-resolved imaging with the UC SIM. Concurrently acquired maps 
of clean surface of Al 0.24wt% Li alloy for (a) ATA (b} 27ai+. Scale bar = 1 um. Concurrent- 
ly acquired maps of a spread of cubic monosize AgBr photoemulsion with buried I shell’? for (c) 

79Br~, (d) 1*71, (For comparison, see Fig. 4 in "The use of focused heavy ion beams for submi- 

crometer imaging microanalysis,'' this volume.} Scale bar = 2 um. 


before moving to the next line: duringthe first Vector Sean Microanalysis 
pass, the odd-numbered probe positions, corre- 
sponding to one mass, are scanned; during the 
second pass, the interleaved even-numbered po- 
sitions are scanned with a different mass tun- 
ing. This scan format reduces the SIMS dead 
time. Specimen drift, if any, is irrelevant 
during the short time required for two line 
passes. 

Three-dimensional multimass volume recon- 
struction (3D imaging) can be profitably per- 
formed with these parallel mass imaging proce- 
dures, even for delicate objects (for example, 
photocrystals). Nonimaging multimass depth 
profiling is also facilitated. We have used 
these techniques for several studies, the re- 
sults of which are being prepared for publica- 
tion. We claim no novelty as to these capabil- 
ities, only assert that they are powerful tools 
when used in conjunction with a high-resolution 
imaging microprobe. 


There are several situations in which it is 
necessary to avoid scanning over features 
within a field of view. To determine the com- 
positional mass spectrum of regions within a 
larger area, for example submicrometer-scale 
intraboundary phases in ceramics and alloys, 
these regions must be scanned while their sur- 
roundings are excluded. Alternatively, is- 
lands of surface contamination, frequently dust 
or oxide deposits, must be avoided in order to 
obtain reliable assays of surface composition. 
The sputter redeposition of material between ad- 
jacent areas, as occurs during conventional 
raster scans, can deleteriously affect quanti- 
tative measurements of surface features.** In 
response to these requirements and concerns, 
among others, we have devised directed-probe 
vector scan microanalysis techniques in which 
the probe is scanned in arbitrarily defined 
patterns over a sample. 
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microprobe system. 


As a first step, a secondary ion or topo- 
graphic micrograph is acquired and stored in 
the image processor; in order to minimize 
sputter redeposition, the accumulation time for 
this image is made as short as possible. This 
orientational image serves to locate precisely 
the items that are to be examined in more de- 
tail. Areas of interest are selected either 
manually with a mouse cursor or automatically 
according to any of a number of discrimination 
criteria (e.g., feature intensity, size, shape, 
or orientation). The image processor then gen- 
erates a set of templates that defines the 
probe positions over which the beam will be 
preferentially scanned. Additional variables 
(time per probe position, number of scan loops) 
are set at this point. Finally, the computer 
reprograms the pattern generator, instructing 
it to guide (vector scan) the probe over the 
chosen features. If necessary, the beam is 
blanked while it is directed between widely 
separated points. During scannning, mass spec- 
tra, multimass depth profiles, or SIMS images 
of the selected areas are obtained. 

We have used this capability for a number of 
studies. In Ref. 14 we report an analysis of 
electronic microstructures where vector scan 
microanalysis was essential, enabling us to de- 
termine separately the composition of circuit 
metalizations and the substrate without sputter 
redeposition cross-contamination. We now rou- 
tinely employ this technique for numerous bio- 
logical and materials science applications. 


Future Work and Final Remarks 


We have instituted several technical devel- 
opment programs, nearing completion, that 
should strongly enhance the analytical perfor- 
mance of the UC scanning ion microprobe. 
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edly scanned in a converging square spiral, 
first bombarding the crater edges, the inter- 
ior areas. Properly gated in a simple manner, 
the SIMS signal is derived only from central 
regions of the crater. 

2. A long-anticipated cryogenic sample 
stage is in the final stages of machining. 
This regulated liquid-nitrogen-temperature 
stage will enable many biological studies 
(e.g., analysis of frozen hydrated tissue) and 
Materials science studies (e.g., SIMS measure- 
ments of high-temperature superconductors 
while they are in the superconducting phase). 

3. We are replacing the 2MHz 8-bit Z80- 
based microprocessor currently governing the 
microprobe optics system with a 15.7MHz 32-bit 
86030 computer (Macintosh TIX). We expect 
concomitant improvements in system speed, 
liability, and capability. Already, mass 
spectra and depth profiles are collected by 
this new computer, facilitating data analysis, 
display, and intercomputer communication. 


re- 


The parallel-mass-imaging system described 
here is, we believe, a revolutionary improve- 
ment in the analytical capabilities of the UC 
scanning ion microprobe. We are only begin- 
ning to explore the many interdisciplinary ap- 
plications of this system. We look forward to 
presenting some of these results, as well as 
additional information about the other pro- 
grams described here, at the 1990 MAS confer- 
ence, 
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INTERPRETATION OF SECONDARY ION MASS SPECTROMETRY (SIMS) 
SPECTRA BY LINEAR PROGRAMMING TECHNIQUES 


T. B. Vander Wood and Christine Bowers 


Chemical analysis of complex materials often 
involves the acquisition of some type of spec- 
trum, followed by deconvolution of the spectrum 
in order to determine the composition of the 
sample. The procedure, which takes several 
forms, is essentially the solution of a set of 
simultaneous equations constructed from the 
unique spectra of the anticipated constituents 
of the material and is commonly known as "peak 
stripping"! or "spectral subtraction,"'? 

In secondary ion mass spectrometry (SIMS) a 
sample is separated into ions composed of sin- 
gle atoms or simple atomic clusters, and the 
relative number of ions at each mass is mea- 
sured. Figure 1 shows a typical SIMS spectrum 
in the mass range 201-211 amu for the mineral 
zircon, from which we would like to extract the 
207pp/206ph ratio in order to determine the age 
of the mineral. Unfortunately, a simple ratio 
of the ions present at masses 207 and 206 does 
not give the desired result because ions other 
than those of lead are known to occur at these 
masses. These "interference" species are 
ubiquitous in low-resolution SIMS spectra. In- 
struments capable of high resolution*® can con- 
siderably reduce or even eliminate such inter- 
ferences. However, the majority of SIMS in- 
struments currently in use do not possess this 
capability, so that spectrum deconvolution is 
necessary. These interferences also occur at 
other masses, but always in constant ratios 
across masses. In principle, therefore, mea- 
surement of ion intensities at other masses 
should allow corrections for interferences at 
masses 206 and 207. In practice, 11 ions are 
known to occur in this region, and their dis- 
tribution over the mass range 201 to 211" as 
shown in Table 1. This system of equations 
makes up a determinate 11 x 11 matrix, which 
is most easily solved for repetitive cases by a 
single inversion of the matrix, which exchanges 
input and output variables followed by input of 
the ions counted at each mass. The results of 
this inversion are shown as Table 2, and this 
matrix can be used to calculate the relative 
intensities of all the contributing species 
from the measured ion intensities. 

The above data treatment contains a large 
assumption--that all the species contributing 
to the ion intensities are accounted for. If 
other species are present, the species concen- 
trations calculated from the inverted matrix 
will be wrong, and there will be no indication 
that things have gone awry. 


The authors are with McCrone Associates-~At- 
lanta, 1412 Oakbrook Drive, Suite 100, Nor- 
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There is an alternative method of data re- 
duction that allows for the possibility that 
unknown interferences are present in the data, 
and also gives an indication of the size and 
nature of the interferences as well as the ro- 
bustness of the resulting solution. By set- 
ting up the matrix in Table 1 as constraints 
that require all peak intensities to be less 
than the measured peak intensities and con- 
structing an objective function which maxi- 
mizes the intensities of the known species, 
one can construct a linear programming problem. 
Table 3 is the resulting solution, which indi- 
cates the calculated species intensities and 
"leftover intensities" (slack/surplus varia- 
ble), which suggest the presence or absence 
of unanticipated interferences. 

The lead 207/206 ratio calculated from the 
linear programming solution (7°’Pb/*°°Pb) is 
0.2193. The solution resulting from matrix 
inversion is 0.2086 with a 20 uncertainty of 
0.0045. The difference in the two solutions 
is significant. Where does this difference 
arise? Examination of the slack variables in- 
dicates a small proportion of excess counts at 
masses 201 (S1/201 = 0.008), 202 (S2/202 = 
0.006), and 209 (S9/209 = 0.024). But the 
most significant slack variable by far occurs 
at mass 205, with S5/205 = 0.93. Clearly, 
there is a contribution at mass 205 that has 
not been included in the matrix used to reduce 
the data, and examination of Table 2 indicates 
that the ratio of *°’Pb to 7°°Pb is sensitive 
to the count rate at 205. 

Included in the linear-programming solution 
is a sensitivity analysis; the results for 
this problem are also shown in Table 3. For 
each peak, a range of values is calculated 
that indicates the minimum and maximum values 
of the count rate at each mass that would 
still yield the same species intensities. 
this example, the very limited range in the 
count rate at mass 203 suggests that the solu- 
tion is very sensitive to mass 203 and that 
experimental conditions should be adjusted to 
minimize uncertainty in the count rate at this 
mass. The sensitivity analysis operates with- 
in the constraints defined by the model and 
does not evaluate the validity of these con- 
straints. The results of the sensitivity 
analysis are most useful in the evaluation and 
choice of experimental parameters such as 
counting time. 

To summarize, the application of linear 
programming techniques to this particular 
data set yields a *°’pb/*°°Pb ratio that is 
significantly different from the ratio ob- 
tained by matrix inversion. In addition, the 
large slack variable calculated by linear 
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TABLE 1.--Relative abundances of some species in the mass region 204-211" present in the secon- 


dary ion signal of zircon. 
given species at various masses. 


Read by columns, the entries indicate the relative intensities of a 
(7H, 3H are ignored.) 


TEE Ee OH SNE BIO HOGA ae ORG ORGS E 2OT eG BF 
202 1386 = «0886 = «. 0391 -0017 0 0 0 9 0 9 9 
203 -3520 =. 0064 0886 0 0 9 0 0 i) 9 0 
204 0 -0400 .0064 +0475 10] 0 9 1 9 9 8) 
205 0 0 0400 +1721 0 0 0 0 9 0 0 
206 0 - 0098 0 2600 = .0018 9 0 9 1 0 9 
207 0 0 -0098 1454 0 -0018 9 0 0 1 0 
208 0 «0007 0 3416 .0513 0 »2h43 0 0 9 1 
209 0 0 .0007 0208 .1843 .0512 1190 6 0 0 0 
210 0 0 0 0108 .2702 .1843 -1874 9 0 9 0 
211 0 0 0 0 1384 2702 0478 9 9 9 9 


signals. 
01. -202~«O.~S*«~«:~S*~<C*«SSS*C<~«iGSC“<s*‘S*«‘i!S*<“«aS*«itSSC«i DS 
HfNay -1.8145 0.508 4.0387 0 -.0067. 0 0 0 0 0 0 
Zr,0°  - «3350 11.7484 -4.3480 0 “1119. 0 0 ) 0 0 0 
2rj0H* 7.2347 -2.8675 -4.4457 0 02970 0 0 0 0 0 
SiH—*  -1.6815  .6644 1.0340 0 5.8037 0 0 0 0 0 0 
Heo," 6647 -.2626 -.4087 0 -2.2941 0 0 0 30.1067 -21.38 8.8802 
Hfo,f” -.2277  .0899 14000 7858 0 0 0 -9.3724 5.5138 1.7160 
arSi*  -.6375 «251939210 2.20050 0 0 34.19 30.744 -14.49 
204n5* = 9470-4831 «1533-27180 0 0 0 0 0 
206p),+ 4391 -.2873 -.2254 0 -1.5038 1 0 0 -.0539  .0383 -.0159 
207p5* 1740 -.0686 ~-.1070 0 -.8456 0 1 0 .0168 -.0098 -.0031 
208Pb* «6963 -. 2842 -.4246 «90 = --2.4023 sO 0 1 6.8085 -6.4139 3.0847 


programming for mass 205 indicates that a sig- 
nificant interference species has not been 
recognized. The solution obtained by matrix 
inversion contains no indication of an unde- 
fined interference species. Adoption of lin- 
ear programming techniques, which allow the 
constraints to be formulated as inequalities, 
provides a means to evaluate these assumptions 
through inspection of the slack variables. 
Furthermore, sensitivity analysis is a valuable 
guide for a SIMS operator in the evaluation and 
adjustment of the analytical parameters in or- 
der to produce a statistically sound analysis. 
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TABLE 3.--Solution to sample linear-program- 
ming problem for lead 206 and lead 207 relative 
concentrations in zircon. 

SOLUTION TO LINEAR PROGRAM 


Original Slack/Surplus 

Variable Value Variable Value 
RiNa 0.00000 si 28.04616 
2rd 90092 .03100 $2 49.89825 
Zr0H 49.78543 $3 0.00000 
Sibf 0.00000 $4 0.00000 
RE 18592 .52340 $5 29.00858 
HfOH 1699.68689 S6 0.00000 
Zrsi 5555.21530 $? 0.00000 
O4Pb 0.00000 s8 0.00000 
O6Pb 795.63153 s9 102.26828 
O7Pb 174.45267 $10 0.00000 
O8Pb 0.000 $11 0.00000 


Objective Value: Pe116959.33600 


RIGHTHAND SIDE Sensitivity Analysis 


ie a i a ts SN a eee RE SS 


LOWER ORIGINAL UPPER 
CONSTRAINT NO. LIMIT VALUE LIMIT 
1 3532.95 3561.00 NONE 
2 7984.10 8034.00 NONE 
3 576.64 581.00 593.17 
4 3207.05 3604.00 3627.00 
5 1.93 31.00 NONE 
6 816.37 1712.00 NONE “aes 
7 3.55 178.00 NONE annces 
8 1677.70 2374.00 6578.64 
9 4174.73 4277.00 NONE 
10 3713.81 6378.00 6486.56 
11 3072.27 3298.00 7203.94 
— 600 
w= 400 
1 
— 200 
| 
211 210 209 208 207  &4«®4206 #205 °° 204 203 202 201 


FIG. 1.--Typical mass spectrum in lead region for zircon. 
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ASPECTS OF QUANTIFICATION OF ION MICROSCOPE IMAGES RECORDED 
WITH A CAMERA-BASED DETECTION SYSTEM 


F, P. Michiels, W. K. Vanhoolst, P. E. Van Espen, and F. C. Adams 


The interest in quantitative lateral analysis 
with both ion microscopes and ion microprobes 
is increasing rapidly. The present paper de- 
scribes the quantification of ion microscope 
images recorded by a camera-based detection 
system and evaluates the results obtained on 
steel and aluminum standard reference mater- 
jals, based on the sensitivity factor (SF) and 
the matrix ion species ratio (MISR) method.* 


Experimental 


The ion images were recorded with a CAMECA 
IMS 3-f, equipped with a high-sensitivity cam- 
era (MTI 66-SIT). Image processing was per- 
formed with a KONTRON image processing system 
and a MicroVAX II with user-developed soft- 
ware. 


Method 


The influence of the different components of 
the image formation system (microchannel plate, 
fluorescent screen, camera) on analytically 
important parameters such as linearity of the 
response, shading, and background was investi- 
gated. 

The SF and the MISR method were evaluated 
with steel and aluminum standard reference ma- 
terials, measured under 0+ and Ar* bombard- 
ment, respectively. The conversion of a gray- 
value image to a concentration image was done 
in two steps: (1) conversion of the gray-value 
image to a counts per second image and (2) the 
conversion of the counts per second image to a 
concentration image, 

The first conversion is straightforward if 
all analytical parameters and their influence. 
on the resulting gray value are known. This is 
a huge task, which may be circumvented by 
equating the integrated gray-value image to the 
secondary-ion current, as measured by an elec- 
tron multiplier. This is a legitimate proce- 
dure, since it was experimentally verified that 
the relation between the gray value and the 
secondary ion current is linear, 

By combination of images recorded during 
various integration times, the dynamic range 
can be extended appreciably. Figure l(a) shows 
a 45ppm Mn image in brass. As the background 
is about 2000 times lower than the maximum Mn 
intensity, the dynamic range was compressed by 
use of a logarithmic scale in order to be able 
to display it as an 8-bit deep image. The 
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physical relevance of this image is demon- 
strated by the complementarity with the Cu 
(matrix) image in Fig. 1(b), in which differ- 
ences in intensity depend on crystallographic 
contrast. 

Two standard quantification methods were 
used to convert the counts-per-second images 
to concentration images. In the SF method, 
the Fe* was used as a reference image; in the 
MISR method, the A10*/A1,* intensity ratio im- 
age was used as the MISR. The calculations 
were performed on a MicroVAX, which automati- 
cally performs the whole procedure, from the 
input of raw image information to the composi- 
tion of an extended dynamic range image and 
the calculation of a concentration image. 
Figure 2 shows a few examples. 


Results and Ditscusston 


Since no suitable reference techniques were 
available to evaluate the accuracy of the lo- 
calized quantification, the mean concentra- 
tions in the image and the certified concen- 
trations were compared. Table 1 summarizes 
the results. Mean relative errors of 17 and 
22% were obtained for the MISR and the SF 
method, respectively. This is a satisfactory 
agreement, since the heterogeneity of the ele- 
ments contributes significantly to the resid- 
ual error, as can be seen from column 3 of 
Table 1. Aithough the data do not actually 
prove the accuracy of the concentration maps, 
the agreement suggests that the methods de- 
scribed are successful. The advantage of the 
MISR method is that the sensitivity maps are 
not necessarily uniform over the whole image, 
and that it may correct for difference in oxy- 
gen concentration. If Of is used, the SF 
method is probably less susceptible to errors 
introduced by local variations in matrix com- 
position (inclusions) .? 
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TABLE 1.--Comparison. of the experimental and the certified concentrations for the SF and the 
MISR method, 


SF METHOD MISR METHOD 

Element cert. (a) exp. (a) estimated Element cert. (a) exp. (a) 

conc. conc. heterogeneity conc. conc. 

(%) 

Mn 1.50 1.56 6 Mn 0.31 0.30 
Si 0.74 0.38 60 Si 0.30 0.29 
Cu 0.09 0.15 14 Cu 7.10 5.7 
Ti 0.050 0.040 7 Ti 0.0030 0.0052 
Ni 0.32 0.33 9 Mg 0.15 0.14 
Cr 1.31 1.61 9 Pb 0.35 0.35 
V 0.31 0.39 11 Fe 0.35 0.31 
Mo 0.030 0.027 5 
Nb 0.049 0.045 4 
B 0.0009 0.0007 3 
rag 0.049 0.047 16 


(a) in weight percent. 
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A HIGH-SENSITIVITY, HIGH-DYNAMIC-RANGE SIMS DIGITAL IMAGE ACQUISITION AND PROCESSING SYSTEM 


J. L. Hunter Jr., S. F. Corcoran, R. W. Linton, and D. P. Griffis 


Since the first appliation of digital imaging 
techniques for the acquisition and manipulation 
of ion micrographs’ by secondary ion mass 
spectrometry (SIMS) with stigmatic imaging in- 
struments (i.e., Cameca IMS-300, IMS-3f, and 
IMS-4f), many advances have been made in digi- 
tal imaging hardware and software. These ad- 
vances include utilization of resistive anode 
encoders for direct digital acquisition of 
very-low-intensity signals,? and the develop- 
ment of hardware and software for automated ac- 
quisition of high-dynamic-range image depth 
profiles using digital camera-based systems .3 
In addition, over the past few years, the PC 
compatible computers, particularly the PC-AT 
compatible class machines, have seen increased 
analytical laboratory usage for instrument con- 
trol and data processing. The considerable 
computing power of these inexpensive machines 
is enhanced by the wide availability of hard- 
ware and software products. In order to take 
advantage of these features, we have recently 
completed development in our lagoratory of a 
PC-AT based control system for the IMS-3£.* 
This paper describes the next stage of develop- 
ment for this control system, the addition of 
a PC-At controlled digital imaging capability 
using a charge coupled device (CCD) detector. 
The resulting system optimizes the control of 
both the IMS-3f and the image acquisition and 
processing system from a single computer. 


Hardware 


Our previous custom imaging system” suffered 
from three significant limitations: (1) eight- 
bit image storage, which limited single image 
dynamic range; (2) the use of a charge injection 
device camera with relatively poor sensitivity 
and noise characteristics; (3) incompatibility 
with most commercially available hardware. 
These deficiencies are addressed by the follow- 
ing selection criteria for the new imaging sys- 
tem: 


1. Compatibility with existing IMS-3f con- 
trol hardware and software (Hewlett-Packard 
Vectra PC/AT compatible). 

2. Sixteen-bit dynamic range frame stores. 

3. Video rate data manipulation for post- 


J. L. Hunter, S. F. Corcoran, and D. P. 
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Facility, Box 7916, North Carolina State Uni- 
versity, Raleigh, NC 27695; J. L. Hunter and 
S. F. Corcoran are also at the Department of 
Chemistry, University of North Carolina, Chapel 
Hill, NC 26599-3290, as is R. W. Linton, This 
work was supported by the Analytical Instrumen- 
tational Facility, Materials Science and Engi- 
neering, North Carolina State University. 


acquisition image processing. 

4. Large library of software routines for 
image acquisition and processing functions. 

S. Low noise, high sensitivity, integrating 
charge coupled device (CCD) camera. 


The imaging system developed in our labora- 
tory which meets the above criteria consists 
of three major components: (1) CCD camera; 

(2) image acquisition and frame store system; 
and (3) computer control and data storage sys- 
tem. A block diagram of the integrated system 
is shown in Fig. 1. These subsystems are de- 
scribed below. 


Dual MCP CCD Camera 
e hv 


Sil 


Phosphor 
Screen 


Mass Standard video Output 


Spectrometer 


Integration control 


Computer RTI Image 


System 


HP Vectra 


RGB Monitor 


FIG, 1.--PC-AT camera based ion imaging system 
for the Cameca IMS-3f ion imaging system. 


Camera 


In the IMS-3f incoming secondary ions are 
converted to electrons at the first stage of 
a dual micro-channel plate (DMCP); these elec- 
trons are then converted to light at the phos- 
phor screen of the IMS-3f and the light level 
is recorded by a CCD camera (Fig. 1). The 
camera chosen for acquisition of ion images 
from the IMS-3f phosphor screen is a Pulnix 
TM-840N integrating CCD camera. This camera 
overcomes the major limitations of our pre- 
vious camera, a General Electric TN2500 charge 
injection device (CID) camera. The TN2500 
suffered from poor signal-to-noise ratio due 
to image array readout noise, poor light sen- 
sitivity (1.0 lux faceplate illumination), and 
high dark current limiting integration to 2 s. 
The new generation TM-840N CCD camera has 
significantly lower readout noise, higher sen- 
sitivity (0.15 lux faceplate illumination), 
and a Peltier cooling block to decrease dark 
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current allowing integration times from 16 ms 
to more than 5 s. The increased sensitivity 
allows single-ion impacts on the DMCP to be de- 
tected by this camsera based system. 


Image Acqutsttton and Frame Store System 


Recognition Technology Inc. (RTI) imaging 
system was chosen. The RTI system is a stand- 
alone image acquisition and processing system 
controlled by PC/AT compatible computers 
through a multibus interface. Pixel values 
stored in the digital frame stores appear di- 
rectly on the PC memory (memory mapped) which 
allows processing of these pixel values in the 
computer memory without the need to transfer 
from or to the digital storage units on the 
RTI system. The RTI imaging system consists of 
three main components (Fig. 2): the analog sub- 
system (AS), the pipelined pixel Processor 
(PPI), and the digital storage units (DSU). 

A brief description of each of these components 
and its function is given below: 


Pixel 
Processor | 
PPL 


[image memory image memory 


psu | psu 


RTi/Multibus interface card 
Desa Set a 


Connecting Cable 


[ee ae ee 
PC-AT computer/Multibus interface card 


terminal VO 


HP Vectra PC/AT compatible computer 


FIG. 2.--Interactions of major components of 
ion imaging system. 


Analog Subsystem (AS). The AS converts the 
incoming analog signal from the camera to digi- 
tal signal for storage in the frame stores. It 
features are 8-bit analog/digital (A/D) resolu- 
tion with a 10MHz A/D conversion rate for 512 x 
512 images; inputs for RS-170, RS-330, or RS- 
343 cameras; IEEE 796 or multibus interface, 
programmable gain and offset; software program- 
mable real time input and output transformation 
tables; three 8-bit outputs (typically RGB) for 
display of 256 gray levels or 512 colors simul- 
taneously from a palette of over 16 million. 

Pipelined Pixel Processor (PPL) Sybsystem. 
The PPL is a high-speed pipelined pixel proces- 


sor used for real time (1/30 s) data manipula- 
tions including convolutions and frame opera- 
tions. Its features are: 10MHz processing 
speed with four pipeline channels yielding an 
effective speed of 40 million pixel operations 
per second; source selection for each of the 
four pipeline channels and output data selec- 
tion to all of the digital storage units; 16- 
bit arithmetic/logic operation and 16-bit 
shifter/rotator; frame by frame, and frame by 
constant arithmetic operations; real time 
(1/30 s) convolution with user-definable con- 
volution kernels for image enhancement and 
processing. 

Digttal Storage Units (DSU) Subsystem, The 
digital storage units retain the pixel values 
and make these values available to the PPL. 
However, the pixel values also appear directly 
on the PC-AT memory which allows for fast im- 
age storage and processing from the PC. Some 
features of our system as configured are: ten 
512 x 512 x 8-bit frames stores capable of 
being used as five 512 x 512 x 16-bit frame 
stores; a ninth bit for graphic overlays on 
image data without changing the image data; 
and the availability of pan and scroll ona 
per pixel basis. 

Computer Control and Data Storage System. 
The computer controlling both the IMS-3f and 
the imaging system is a PC-AT compatible Hew- 
lett-Packard Vectra. The IMS-3f control hard- 
ware and software has been described previous- 
ly.’ The imaging system is interfaced to the 
computer via a 16-bit PC bus to multibus in- 
terface card. (Additional interface cards 
were purchased and placed in other PC-AT com- 
patibles in our laboratory to allow shifting 
of the control of the RTI imaging system to 
these computers for the off-line processing.) 
Since 512 x 512 pixels x 16-bit depth images 
require approximately SO0K bytes of data stor- 
age, an Iomega two drive, 20 Mbyte removable 
Bernoulli cartridge disk drive was chosen for 
mass storage. This system permits massive on- 
line data storage, since as soon as one disk 
is full, storage can be switched to the second 
disk and the first disk can be replaced. A 
listing of image storage times is included in 
tap le: jhe 


TABLE 1.--Performance characteristics for a 
256K image (512 x 512 x 8 bits). 


Function Time (s) 
Read and display image Loe 
from Bernoulli 
Write image to Bernoulli 5.0 
Add/subtract/multiply two images 1/30 
Image convolution with kernel 1/30 
Generate histogram of 256K pixels 
(8-bit image) 1/30 
Zoom a 256 x 256 image to 512 x 512 1/30 
Acquire 512 x 512 x 8-bit image 1/30 
Acquire 512 x 512 x 16-bit image 255/30 


598 


Image Acqutsttton and Processing Software. 
The software is a combination of routines writ- 
ten at the Analytical Instrumentation Facility 
(AIF) at NCSU and library routines that come 
with RTI system. All routines are written in 
C language and compiled by use of Microsoft 
C version 5.10. The menu system, which allows 
efficient selection and combination of the 
above routines, is written in Microsoft Quick 
BASIC version 4.0. 

The HP Vectra controls both the operation of 
the Cameca IMS-3f and the RTI imaging system. 

A software package was written in our labora- 
tory that integrates instrument control func- 
tions of the IMS-3f with image acquisition by 
the RTI system. This feature allows user con- 
trol of all instrument parameters and image ac- 
quisition functions from a single computer. 

The user may change masses, secondary voltage 
offset, and a number of other instrument func- 
tions while operating the image acquisition 
system. Routines have been written for auto- 
mated image depth profiling (IDP) with the 
IMS-3f based on the former image acquisition 
system.°’?° Images may be stored and retrieved 
from either the computer hard disk or secondary 
storage system (e.g., Iomega 20MB Bernoulli 
disk subsystem). CCD camera operations such as 
integration time and number of frames acquired 
can be controlled from the instrument control 
computer. Routines have been written to assure 
the optimum dynamic range for each image ac- 
quired. This system can acquire an 8- or 16- 
bit background-subtracted image and store it on 
disk for processing at a later time. 

Since the RTI/PC-AT imaging system can be 
used for acquisition and processing of images 
acquired from other sources such as light mi- 
croscopy (LM), scanning electron microscopy 
(SEM), scanning tunneling microscopy (STM), 
and scanning Auger microscopy (SAM), a univer- 
sal image file format for analytical instrumen- 
tation (UIFFAI) was developed in our labora- 
tory. This format allows images from the var- 
jous techniques (along with their associated 
acquisition parameters) to be stored on disk 
and manipulated with the same image-processing 
software. The user can then correlate image 
data from the various image sources since, all 
images are on the same storage medium with the 
same file format with sufficient information 
for quantitative processing. The common format 
eliminates the need for file-format-conversion 
programs. 


Software for Post-acquisttton Image Processtng 


Images stored on a secondary storage device 
may be processed off line by means of software 
written for post-acquisition image processing. 
These routines allow processing of both 8- and 
16-bit image data. Some useful features in- 
clude: 


® Cursor for line scans 

@ Image smoothing of 512 512 (Table 1) 

@ Image by image, and image by constant 
arithmetic operations (Table 1) 

® Edge enhancement processing routines 
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@ Edge extraction processing routines 

@ Fast histogram calculation on user de- 
finable area of interest (Table 1) 

® Tools for binary image overlays for image 
correlations 

® Contrast enhancement of image features 
by means of histogram equalization and related 
techniques 

@ Three-dimensional image reconstruction 
from image depth profile data 

@ Image zoom (Table 1) 

® Calculation of local area depth profile 
data 

® Summation of pixels in user-definable 
areas of interest for quantitative work 

® Display of 16-bit images by logarithmic 
mapping to the 8-bit display 


In conclusion, this work describes the 
hardware and software as well as some of the 
capabilities of the integrated image acquisi- 
tion and processing system developed in our 
laboratory for SIMS. The PC-AT controlled 
imaging system can also be used, with only 
minor alterations to the hardware and soft- 
ware, for acquisition of images from other 
analytical instruments (e.g., LM, SEM, STM, 
SAM) and so permits correlative microscopy. 
Work is currently under way to expand the use 
of the system to STM and SAM, 
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DETERMINATION OF URANIUM AND THORIUM IN OYSTER TISSUE BY ISOTOPE DILUTION: 
SECONDARY ION MASS SPECTROMETRY 


D. S. Simons, J. D. Fassett, and W. R. Kelly 


Secondary ion mass spectrometry (SIMS) is a 
sensitive and isotopically selective method 

for the direct analysis of solid material. The 
high sensitivity of SIMS for most elements is 
commonly exploited in the trace analysis of 
dopants and impurities in semiconductor ma- 
trices where detection limits are often at sub- 
ug/g and sometimes sub-ng/g levels.* The high 
absolute sensitivity is also used to ad- 
vantage in the analysis of minor-to-trace level 
constituents in individual micrometer sized 
particles.? The isotopic ratio measurement 
capability of SIMS under sample-limited condi- 
tions has also been assessed.* With these pow- 
erful features available it would seem natural 
to explore the use of SIMS as an isotope ratio 
measurement method for isotope dilution mass 
spectrometry (IDMS), especially for those ele- 
ments for which the traditional measurement 
method--thermal ionization mass spectrometry 
(TIMS)--is limited by low sensitivity. It is 
therefore surprising that only a few prelimi- 
nary investigations of IDMS-SIMS have been de- 
scribed to date.*~’ 

The fundamentals of IDMS are well estab- 
lished.® It is a "definitive" method in that 
it relies on internal standardization to 
achieve highly accurate and precise results. 
Briefly, a known weight of a sample is com- 
pletely dissolved and a measured amount of a 
spike of the element of interest (usually en- 
riched in a stable isotope with minor natural 
abundance or in a long-lived radioactive nu- 
clide) is added to, and equilibrated with, the 
sample solution. After this point the loss of 
material has no effect on the concentration de- 
termination as long as the chemical blank is 
negligible.* The element is then purified and 
concentrated, and the ratio between the spike 
isotope and the major natural isotope in the 
element-spike mixture is measured by mass spec- 
trometry. From this ratio, from the known ra- 
tio of the same isotopes in the original sample 
and in the spike, and from the weight of sample 
and spike, the original concentration of the 
element in the sample can be calculated. 

We have undertaken a comparison between sec- 
ondary ion mass spectrometry and thermal ioniza- 


The authors are with the Center for Analyti- 
cal Chemistry, National Institute of Standards 
and Technology, Gaithersburg, MD 20899. Cer- 
tain commercial equipment, instruments, or ma- 
terials are identified in this paper to specify 
adequately the experimental procedure. Such 
identification does not imply recommendation or 
endorsement by NIST, nor does it imply that the 
material or equipment identified are necessar- 
ily the best available for the purpose. 


tion mass spectrometry for the concentration 
measurement of uranium and thorium by isotope 
dilution mass spectrometry. These particular 
elements were chosen because the chemical pro- 
cedures for their separation and measurement 
by TIMS are already established and they can 
provide a baseline against which the SIMS mea- 
surements are compared. The sample chosen 
for this comparison was SRM 1566a, freeze- 
dried oyster tissue. 


Experimental 


Chemistry. The chemical procedure for the 
separation of U has been described previous- 
ly.?°*1 Minor modifications have been made 
to enable the separation of both U and Th from 
the matrix and from each other in high yields 
and purity. NIST high-purity acids were used 
in all chemical separations and NIST sub-boil- 
ing quartz-distilled water was used for dilu- 
tion of these acids. 

One-gram samples from each bottle of oyster 
tissue were placed in glass weighing bottles 
and dried over Mg(C10,)2 for 48 h under labor- 
atory vacuum. Between 0.1 and 0.2 g of the 
dried samples were weighed into Teflon beakers. 
Ten-mL of concentrated nitric acid was added 
to the 50mL beakers followed by the addition 
of the powdered sample. Approximately 0.5 g 
of the *°°Th spike solution (concentration » 
220 picomoles/g) and 1 g of the *°°U spike 
solution (concentration v 44 picomoles/g) were 
added to each beaker. The beakers were covered 
with quartz covers and refluxed on a hot plate 
for 12-16 h until dry. The residues were 
treated with 10 mL of nitric and 0.5 mL of 
perchloric acids and refluxed again until the 
brown solutions became clear, at which point 
the covers were removed and the samples taken 
to dryness. The residues were white or yellow 
in color and dissolved readily in 1 mL of 8N 
HNO;. The samples were heated to dryness 
again in an effort to fume off as much per- 
chloric acid as possible. 

The residues were dissolved in 1 mL of 8N 
HNO, and added toan 8 x 0.5 cm quartz column 
containing anion exchange resin in the nitrate 
form. The U and Th are held on the column un- 
der these conditions. The column was washed 
with 1 mL of 8N HNO, and the U was eluted with 
15 mL of 8N HNO, followed by the elution of the 
Th fraction with 10 mL of 0.1N HNO,. The U 
fraction was converted to the chloride form by 
the addition of a few drops of concentrated HCl 
and heating to dryness. The residue was dis- 
solved in 0.5 mL of 9N HC1 and added to a 2 x 
0.2 cm quartz column containing anion resin in 
the chloride form. The column was washed with 
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1 mL of ON HCI and the U eluted with 3 mL of 
O.1N HNO,, 


Thermal Ionization Mass Spectrometry. The 
purified U and Th fractions were dissolved in 
a drop of HNO,. A small drop of water was 
added and the total sample was dried on a rhen- 
ium V-shaped filament, The basic thermal ion- 
ization procedure for U using ion-counting de- 
tection and 773U spike has been documented 
previously.'°"11 However, both Th and U were 
determined in one mass spectrometric run for 
each sample and as a result a number of changes 
were made to the standard procedure. First, 
the rhenium filaments used in the analysis were 
much more rigorously outgassed, The Th con- 
tent of the filaments was higher and more vari- 
able than the U content. Extended heating was 
done to "clean up" the filaments. Thorium is 
much less efficiently ionized than U and is 
desorbed at a higher temperature. After U ra- 
tio measurements were completed, the tempera- 
ture was taken to 1750 C and the mass range 
from m/z 229-232 was scanned to assess the 
background, Ratio measurements of *?°Th/ 
232Th were taken at 1775 C and 1825 C. Although 
the absolute Th signal could be increased 
greatly by an increase in the temperature above 
2000 C, the background from the filament in- 
creased disproportionately at the higher tem- 
peratures, 


SIMS Sample Preparatton. All manipulation 
and loading of samples were performed in Class 
100 clean air hoods. A polished, 25mm-diame- 
ter pyrolytic graphite planchet that fits into 
the SIMS sample holder was the substrate used 
for drying the SIMS sample solutions. A sepa- 
rate substrate was used for each element. 

In the case of uranium, the substrate was 
scribed into octants with a clean stainless- 
steel scalpel. The four solutions (three sam- 
ples and one blank} were loaded on alternate 
octants with clean glass pipettes while the 
substrate sat under a heat lamp. In the case 
of thorium, the substrate was scribed into 
quadrants and the solutions were delivered to 
the surface by use of a 5uL Teflon-tipped mi- 
cropipette. The size of the surface area cov- 
ered was determined by the size of the drop 
delivered. Since the glass pipettes had a 
variable tip diameter and a haphazard delivery 
mechanism, the U deposits were broad and dif- 
fuse. The drops spread out over an area as 
large as 5 mm and were highly irregular in 
some cases. The residual salt tended to con- 
centrate at the edges of the dried drop. Thus, 
the micropipette was tried in an attempt to 
alleviate this problem and make the dried de- 
posits more reproducible. In fact, 0.5yL sub- 
drops could be delivered to the surface, and 
the deposit could be limited to roughly the 
diameter of the Teflon tip, about 1 mm. The 
fact that the delivery process had to be re- 
peated to deliver the entire sample did broad- 
en the area in most cases. However, the de- 
posit was limited to a circular area roughly 

2 mm in diameter in the case of Th, a consid- 
erable improvement over that achieved for U. 
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TABLE 1.--Mass of uranium and thorium on plan- 
chets (ignoring losses in chemical separation). 


Uranium Thorium 
Sample Natural Spike Natural Spike 
OT-1 1.3 ng 0.9 ng 0.43 ng 2.2 ng 
OT-2 1% 2.9 2.1 6.3 
OT-3 ao 8.6 6.1 20. 
Blank 3 pg 50 pg 22 pg 40 pg 


Table 1 summarizes the maximum amount of 
material loaded for the SIMS analyses. The 
natural content of the original samples was de- 
termined from the spike-to-sample ratios that 
were measured. The yield of the chemical sepa- 
ration is not 100% (typically 80% for U)+°, so 
that the actual amount deposited on the plan- 
chet should be reduced by this unknown factor. 
The sample sizes ranged over about an order of 
magnitude, or 2-3 orders of magnitude if blanks 
are included. 


SIMS Ratto Measurements. All SIMS measure- 
ments were made with a Cameca IMS-3f Ion Mi- 
croanalyzer.+? The samples were sputtered by 
a primary beam of 0,* ions with an impact en- 
ergy of 8 keV and a current of 1-2 yA. The 
beam was raster-scanned over an area of 250 x 
250 um. A mass scan was taken before each 
sample was measured to estimate the background 
in the U/Th mass region of the mass spectrome- 
ter. A sample voltage offset of 10-20 V was 
applied so as to transmit atomic ions prefer- 
entially with respect to molecular ions, and 
thus to reduce the spectral background. Posi- 
tive secondary ions of U* or Th* were detected. 
Signal levels of 10°-10* counts per second for 
the most abundant isotope were used for ratio 
measurements, except in the case of the blanks 
where the signals were lower by a factor of 10. 

Figure 1 shows a mass spectral scan of the 
actinide region from a graphite planchet in a 
location where no sample had been deposited. 
The background signals produced by molecular 
ions are typically less than a few counts per 
second, Figure 2 shows the mass spectrum in 
the uranium region from the uranium fraction 
of sample OT-3. The peaks are well resolved 
and the spectral background is low, as evi- 
denced by the lack of signal at m/z 236 and 
237, where no uranium isotopes or hydride ions 
are expected. The spectrum of a thorium depos- 
it from sample OT-2 is displayed in Fig. 3. 

The spectral background seen at m/z 226-229 is 
well below 1% of the thorium isotopic peaks. 
The uranium was not completely separated from 
the thorium in the chemical procedure, as in- 
dicated by the significant ?75U peak in Fig. 3, 
but that presents no difficulty for the thorium 
ratio measurement. A spectral plot of the 
uranium blank deposit is given in Fig. 4. In 
this case less than 5 pg of 7°8U was deposited 
and the molecular ion background could be as 
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FIG. 1.-~SIMS mass spectral scan of actinide 
region from clean area of graphite planchet. 
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FIG. 2,.--SIMS mass spectrum of uranium iso- 


topes from uranium sample OT-3. 
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FIG. 3.--SIMS mass spectrum of thorium isotopes 
from thorium sample OT-2. 


high as 5% of the *°°U signal. The relative 
contribution of the background could probably 


be reduced by use of a larger value of sample 
voltage offset if higher accuracy were re- 
quired for this amount of sample. 

Three or four independent isotope ratio mea- 
surements were made from different regions of 
each dried deposit. In no case did this proce- 
dure come close to exhausting the available ma- 
terial. <A summary of the results is given in 
Table 2. The variance in the ratio measurement 
for a set of ratios on a single analysis spot 
did not significantly exceed that expected from 
counting statistics. However, the spot-to-spot 
variability was larger than would be expected 
from counting statistics alone for most of the 
samples. The standard deviation of the mean 
among spots for each sample is included in the 
data of Table 2 and ranges from 0.07 to 0.3% 
relative for U and 0.13 to 0.5% relative for 
Th, excluding the blanks. 

An estimate of the instrumental isotopic 
discrimination was made by internal normaliza- 
tion to the *°°5u/*2"U ratio, which is assumed 
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FIG, 4,--SIMS mass spectrum of uranium iso- 
topes from uranium blank deposit. 
TABLE 2.--Summary of results: SIMS isotope 
ratio measurements. 
Uranium: 
253/235 Uncert. 233/238 Uncert. 
Sample measured oxy N bias cor. On 
OT-1 0.7241 0.0005 3 02752 0.006 
OT-2 0.2277 0.0007 3 0.224 0.002 
OT-3 0.3778 0.0005 3 0.372 0.003 
Blank 10.44 0.10 4 10.3 0.13 
Thorium: 
230/232 Uncert. 230/232 Uneert. 
Sample measured of, N bias cor. On 
OT-1 4.825 0.011 4 4.793 0.019 
OT-2 2.825 0.014 5 2.806 0.016 
OT-3 3.721 0.005 3 a .69 7 0.013 
Blank 1.910 0.012 3 1.897 0.013 
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TABLE 3,.--Comparative results between SIMS and TIMS. to be natural (0.00725). This cor- 
rection of 1.67% + 0.83% for the 


vena 233y/?3%Y ratio was applied to the 
SIMS Rel .Meas. TIMS Rel.Meas. Difference Lieb aoa Ps emai cores 
o applied to the 
Sample 233/238 Uncert. 233/238 Uncert. Abs. Rel. Th ratio measurements. but in this 
case it was 0.66% + 0.33% for the 
aE : Seer nls See cl pares “0.0075 -1.0% 2 mass unit difference between the 
- .372 0.14% 0.3758 0.22% 40.0038 +1.0% Th isotopes The uncertainty for 
Thorium: mass bias was added in quadrature 
with the measurement uncertainty for 
SIMS Rel.Meas. TIMS Rel.Meas. Difference sea tee paar eh REChO Meds 
Sample 230/232 Uncert. 230/232 Uncert. Abs. Rel. a difficulty ts 
OT-1 4.793 0.22% 4.789 0.08%  -0,004 - 08% ee sere eee oF 
OT-3 3.697 0.13% 3.682 0.10 -0.015 -.413 Se ae 


there was no correlation between the 
measurement precision and amount of 
sample loaded. The only cases in which a systematic error is likely to occur is in the ratio 
measurement of the blanks, where the background from molecular ions is several percent of the 
actinide peaks. The uncertainty in the concentration determinations from this source is much 
smaller than the variation among blanks in the procedure. 


Comparative Results 


We have a direct comparison of ratios for only two samples of U and Th because one of the 
TIMS samples, containing both U and Th, was lost during loading. This accident was caused by 
the more extensive heating applied to the filaments to reduce the Th background. The filaments 
were very much more brittle than normal, and one broke while a sample was being loaded. Compar- 
ative results for the remaining two samples are shown in Table 3. The measurement uncertainty 
jndicated for SIMS is the relative standard deviation of the mean for spot-to-spot measurement. 
The measurement uncertainty indicated for TIMS is the relative standard deviation of the mean 
among ratio sets taken at different times during the same run. The agreement between the two 
mass spectrometric methods is about 1% or better, even for the OT-1 sample for which the smallest 
amounts of U and Th were loaded for SIMS. 

The final results for the concentration determinations of all samples are shown in Table 4. 
The problem of blank control is illustrated by the disagreement between the Th results for sam- 
ples OT-1 and OT-3. Although the SIMS and TIMS isotopic ratio measurements agree to better than 
1% for these samples, the concentration determinations differ by about 25%. This result sug- 
gests that sample OT-3 was contaminated before it was split for the isotopic measurements. This 
contamination could have occurred in the chemical processing, or it could have been adventitious 
contamination of the oyster tissue source material. The Th blank values are also informative, 
pointing to a significant filament blank for Th by TIMS. The U blank values are consistent for 
the two methods, indicating that this blank is introduced during chemical dissolution and puri- 
fication processes. 


Conelustone 


We have demonstrated that the isotopic ratio measurement capability of SIMS is comparable to 
that of thermal ionization for nanogram quantities of uranium and thorium. It appears that SIMS 
is capable of achieving lower loading blanks for thorium compared to TIMS. For subnanogram 
quantities of material this difference would be significant. However, at the present time the 
chemical blank for thorium is highly variable, and that variability limits the capability to 
analyze for thorium at the sub-ng/g level by IDMS by use of either the SIMS or the TIMS technique. 


TABLE 4.--Isotope dilution results, all samples. eta 
Uranium (ng/g) Thorium (ng/g) 1. A. Benninghoven, F. G. Riidenauer, and 
H. W. Werner, Secondary Ion Mass Spectrometry , 
SIMS TIMS SIMS TIMS New York: Wiley, 1987, 787-792. 
2. J. A. McHugh and J. F. Stevens, "Elemen- 
OT-1 128.2 129.6 e404 $3.5 tal analysis of single micrometer-sized parti- 
OT-2 130.0 7 35.6 cles by ion microprobe mass spectrometry," 
OT-3 130.9 129.6 42.2 47d Anal. Chem. 44: 2187,1972. 
oT-5 : 130.0 . 39.9 3. D. S. Simons, "Single particle standards 
OT-6 “ 128.8 2 33.8 for isotopic measurements of uranium by secon- 


dary ion mass spectrometry," J. Trace Micro- 


Blank-1 10.0 pg 7 43 pe : probe Tech, 4: 185, 1986. 
Blank-2 - 9.7 pg - 176 pg 4, W. H. Christie, R. E. Eby, R. J. Warmack, 


and Larry Landau, "Determination of boron and 
lithium in nuclear materials by secondary ion 
mass spectrometry," Anal. Chem. 53: 13, 1981. 

5. C. J. Allégre and J. M. Luck, 118 7R6_ 
18795 systematics in meteorites and cosmochem- 
ical consequences," Nature 302: 130, 1983. 

6. R. W. Odom, Gayle Lux, R. H. Fleming, 

P. K. Chu, I. C. Niemeyer, and R. J. Blattner, 
"Quantitative trace element analysis of micro- 
droplet residues by secondary ion mass spec- 
trometry,'"' Anal. Chem. 60: 2070, 1988. 

7. A. Prinzhofer, C. J. Allégre, and A, 
Pierre, "Improvement of the analytical tech- 
nique LIDIA (large isotope dilution ion probe 
analyses) ,"' Chemtcal Geology 70: 178, 1988. 

8. K. G. Heumann, "Isotope dilution mass 
spectrometry," in F. Adams, R. Gijbels, and 
R. Van Grieken, Eds., Inorganic Mass Spectrom- 
etry, New York: Wiley, 1988, 301-376. 

9, W. R. Kelly and S. A. Hotes, "Importance 
of chemical blanks and chemical yields in ac- 
curate trace chemical analysis," J. Res. Nat. 
Bur, Stds, 93: 228, 1988. 

10. W. R. Kelly and J. D. Fassett, ‘“Determ- 
ination of picogram quantities of uranium in 
biological tissues by isotope dilution thermal 
ionization mass spectrometry with ion counting 
detection,'' Anal. Chem. 55: 1040, 1983. 

11. W. R. Kelly, J. D. Fassett, and S. A. 
Hotes, "Determination of picogram quantities of 
uranium in human urine by thermal ionization 
mass spectrometry," Health Phys, 52: 331, 1987. 
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CHARACTERIZATION OF A FAST ATOM SOURCE FOR SECONDARY ION MASS SPECTROMETRY 


S. Corcoran, N. Parikh, D. P. Griffis, and R. W. Linton 


This paper reports on the methodology used in 
an effort to characterize a FAB source devel- 
oped for the Cameca IMS-3f based on the design 
of Degreve and Lang.’ This work was undertaken 
in an attempt to provide information about a 
primary-beam source whose characteristics were 
unknown. Conventional methods for primary-cur- 
rent measurement by use of a Faraday cup are 
not possible with a neutral primary beam. At 
best, an order-of-magnitude estimate can be ob- 
tained by a comparison of the secondary-ion 
signals from the same species in both the FAB 
and conventional SIMS modes.? This method is 
not rigorous, Since it does not correct for the 
variations of sputter yield and ionization 
probability with incident angle and energy. 
Another complication is the chemical enhance- 
ment of secondary~ion yields by oxygen adsorbed 
onto the sample surface from the residual vac- 
uum in the IMS-3f. Since UHV conditions are 
not attainable with our IMS-3f (analysis cham- 
ber pressure is typically 1 x 107° Torr), this 
enhancement effect can be especially signifi- 
cant when the sputter rate is low, as is the 
case in all "static" SIMS experiments. There- 
fore, an alternative method of dose determina- 
tion was used. A series of experiments were 
performed with the FAB source used for on-line 
implantation of Si wafers. Rutherford back- 
scattering spectroscopy (RBS) was used to de~ 
termine the total dose of the neutral primary 
beam in the implanted regions. SIMS was used 
to depth profile the implanted atoms, in an at- 
tempt to reveal information about the energy 
distribution of the implanted neutral atoms. 


Expertmental 


The FAB source was installed on a Cameca 
IMS-3f secondary ion mass spectrometer. The 
FAB source consists of a collision cell placed 
along the optical axis of the primary ion col- 
umn? inside of an existing tube, which is ac- 
cessed through an existing flange. As de- 
scribed below, there are various differences 
compared to the original Degreve and Lang? de- 
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sign: collision-cell dimensions and composi- 
tion, primary-column optics, and differential 
pumping capabilities. The collision gas is 
introduced to the cell via an external leak 
valve. When the high-energy primary ions 
(5-15 keV) enter the collision cell they en- 
counter the low-energy collision gas atoms 
present and undergo gas-phase charge ex- 
change.* The result of this interaction is a 
beam of energetic neutral particles whose en- 
ergy is similar to that of the incoming ion 
beam, The ions that pass through the cell 
without being neutralized are deflected into a 
Faraday cup by electrostatic deflection plates, 
so that the neutral component of the beam is 
allowed to impinge upon the sample. The end 
of the collision cell is located 30 cm from 
the sample. In order to reduce the potential 
for background contamination, the collision 
cell was fabricated from Ta since the beam- 
limiting apertures in the primary column are 
also made of Ta. In order to decrease the 
pressure in the primary analysis chamber, a 


170 Us Turbo pump 


TT 


FIG, 1.--Schematic of FAB source collision 
cell assembly. 


150 1/s turbomulecular pump has been added to 
the primary colum. The addition of this pump 
aids in the differential pumping of the primary 
column, thereby reducing losses in primary beam 
intensity by inelastic scattering events. To 
enhance the differential pumping of the colli- 
sion gas, the entrance aperture to the colli- 
sion cell was made slightly larger than the 
exit aperture (1.5 cm vs 1.0 cm). A diagram 
of the current hardware configuration is given 
in: Pig... 4, 

In this experiment, a 4in. Si <100> wafer 
was cut into several 1 x 2cm sections, dipped 
into dilute HF to remove any residual surface 
oxide, rinsed with de-ionized water, and dried 
in air allowing the formation of a reproducible 
native surface oxide. The samples were then 
loaded into a sample holder assembly for subse- 
quent neutral-beam implantation. A 10keV Ar* 
beam was generated from a duoplasmatron ion 
source on the IMS-3f. The flow rate of the 
collision gas was adjusted until the pressure 
in the analysis chamber was 2 x 107’ Torr. 

This was determined to be an optimum pressure 
for our system, as further increases in leak 
rate resulted in the loss of primary-beam in- 
tensity. The primary current was adjusted to 
the appropriate value and the collison cell was 
then pressurized with Ar gas. The beam was 
aligned in the primary column by maximization 
of the secondary-ion current measured by the 
electron mutliplier detector. 

All neutral implants and subsequent SIMS 
analyses were performed on the Cameca IMS-3f. 
All sputtered crater depths were determined by 
stylus profilometry with a Tencor Alpha-Step 
200. The RBS analysis was performed on the Van 
de Graaff research accelerator located at the 
University of North Carlina, Chapel Hill. RBS 
analyses of the implanted samples were per- 
formed with 2MeV He* ions incident normal to 
the sample surface. Since the implanted area 
on the samples was smaller than the size of the 
Het beam, a film of mylar with a small hole cut 
to the size of the implanted area (2 mm) in 
the center was placed over the samples, The 
mylar was confirmed to be free of Ar and any 
heavy impurities. 


Results 


Prior to implantation, calculations of the 
dose rate based on first principles were car- 
ried out in order to estimate implanted doses. 
The beam diameter was estimated to be 2 mm 
from profilometery of a sputtered Si surface. 
From the shape of sputtered craters previously 
acquired, the beam-current density profile was 
known to be quite uniform over v1 mm + 20%). 
It was assumed that the neutralization effi- 
ciency for Ar was 135%* and the implanted area 
was 4 x 1072 cm? (for a 2mm beam diameter). 
Given 100nA primary current, the neutral dose 
rate should be 13.3 x 10'* atoms cm?/min. A 
series of three Si samples were implanted for 
3, 6, and 9 min giving estimated doses of | x 
1015, 2 x 10'°, and 3 x 107° atoms/cm’, re- 
spectively. Figure 2 shows the RBS spectrum of 
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FIG, 2.--RBS spectra of Ar’ implanted Si. In- 
plantation times 3, 6, and 9 min. Insert is 


schematic target detector set-up. 


the three Ar? implanted samples. The insert 

in Fig. 2 is a schematic of the RBS experimen- 
tal set-up. The Ar peak increases with expo- 
sure time to the fast atom beam. The areal den- 
sities of Ar were calculated from? 
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where Aay is 


Nay 


the number of counts under the Ar 
peak, Hsj is the height of the Si (counts) at 
the surface, osj(Eo) and oar(Eo) are the back- 
scattering cross sections of Si and Ar at in- 
cident energy Eo, & is the energy width per 
channel, and [ceo]c; is the stopping-cross-sec- 
tion factor for He in Si. Values for the calcu- 
lated doses are givenin Table 1. The RBS results 
provide an accurate measure of the Ar dose ac- 
tually incident on the sample. This relation- 
ship assumes that implanted atoms are not be- 
ing sputtered off by the incident Ar beam. At 
the calculated doses of <1 x 107° atoms/cm? 
the extent to which sputtering removes near- 
surface implanted Ar should be negligible. 
This assumption is probably not valid at high 
doses (>1 x 104°), since high doses would lead 
to the removal of at least several surface 
monolayers and the potential removal of im- 
planted Ar, It is interesting that the values 
in Table 1 agree within a factor of 3 with the 
values calculated from first principles. How- 
ever, a clear linear relationship between im- 
plantation time and the areal density deter- 
mined by RBS is not evident. This deviation 
may be due in part to the fact that the beam 
was turned off and on by the coarse switching 
of the primary magnet. Because of hysteresis 
the magnet does not return to the same value 
upon resetting. In an effort to reduce the ef- 
fects of primary-beam sputtering and eliminate 
the contribution by primary-magnet hysteresis, 
the implantation experiment was repeated with 
a lower Ar primary-beam current (10 nA cor- 
rected) and physical blanking "off" of the 
neutral beam by a Ta beam stop. The implanta- 
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TABLE 1.--Ar areal densities, Nay (atoms/cm?), 
determined for 10keV Ar implanted Si. Primary- 
ion current, 100 nA. 

TABLE 2.--As in Table 1, for 20 nA. 


Ar Si, 3 min 3 1E15 


First- 


tion times were 6, 12, and 24 min. 
principle calculations estimate that the neu- 
tral beam dose rate should be »7 x 107° atoms / 
cm? per min, which gives implanted doses of 

Ao? « JO*", 8.4. *% 10"; and 1.7 * 102°... The Ar 
areal densities determined by RBS for 6, 12, 
and 24 min were 7.0 x 107*, 1.6 x 107°, and 

2.8 x 10+°, respectively (Table 2). The pre- 
dicted doses and those determined by RBS agree 
within a factor of 2. The relationship between 
the implantation time and measured areal densi- 
ty also appears more linear when the Ta aper- 
ture is used to block the Ar beam. 

Of additional concern is the energy distri- 
bution of the neutral beam, which can be es- 
pecially important in analytical applications 
where the primary-beam energy and its energy 
spread can have a significant impact on FAB- 
SIMS studies. SIMS was used to obtain depth 
profiles of the implanted Ar’. For the quanti- 
tative SIMS analysis of Ar implanted Si, a Cs* 
primary beam was used to produce sputtered 
(CsAr)* cluster ions whose yield has been shown 
by Ray et al. to be proportional to the concen- 
tration of the Ar present in the sample.* This 
SIMS method provides the high sensitivity and 
depth resolution required for the analysis of 
shallow implants without the use of excessive 
primary-current densities and corresponding 
high sputter rates required to measure Ar* di- 
rectly. Quantification of the Ar is inherently 
difficult at a depth less than 55 A (the im- 
plant depth of 5.5 keV Cs* under these condi- 
tions) due to the possible effects of ion yield 
transients.°°’® In an attempt to resolve the 
near-surface details, a Si sample was presput- 
tered with 2 x 10?’ 5.5 keV Cs* ions prior to 
Ar° implantation. The Cs presputter, Ar° im- 
plantation and subsequent SIMS analysis were 
all done in situ without removing the sample 
from the high vacuum (1 x 107° Torr) of the 
Cameca sample chamber. Although the presence 
of Cs could change the stopping power of the Si 
in the near surface region, this approach will 
nevertheless avoid some of the potential ion 
yield transient effects. The presputtering 
should also render the near surface region of 
the Si amorphous. Figure 3 is a plot of inten- 
sity vs depth for a typical 10 keV Ar® implant- 
ed sample presputtered with Cs. The peak of 
the Ar distribution is approximately 110 A, 
which is in close agreement with the value of 
120 A calculated for 10keV Ar* from standard 
implantation theory developed by Lindhard, 
Scharff, and Schiott (LSS) .’ 
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FIG, 3,--Raw data for SIMS depth profile of 
(CsAr)*+ in Cs presputtered Si. 


SUuMmary 


The analytical utility of this FAB source 
for the Cameca IMS-3f has been increased by 
the accurate characterization of the primary 
dose and energy under a set of standard condi- 
tions. For Ar°®, under the conditions we have 
chosen, the RBS indicates a dose rate of vl x 
10** atoms/cm?/min at 20nA primary-ion current. 
The reproducibility of the primary-neutral - 
beam characteristics needs to be determined by 
evaluation of the FAB source on different oc- 
casions. Based on the RBS results presented, 
the neutral-beam flux of Ar° was estimated 
within a factor of 2 on two different occa~- 
sions. Performing RBS analysis on a daily ba- 
sis in order to determine the absolute neutral 
flux is impractical. A more practical ap- 
proach would be to depth profile a shallow 
multilayer structure with Ar® to establish a 
sputtering rate that could be converted to a 
current density by comparison with an Ar™ pro- 
file. Rigorous determination by this method 
would involve sputter yield correction for in- 
cident primary-beam angle. With this informa- 
tion, SIMS experiments that require controlled 
primary-beam doses may not be conducted. The 
direct imaging capabilities of the Cameca IMS- 
3f permit secondary ion imaging in the FAB 
mode, as shown previously.” > 
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